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ABSTRACT 


This  report  describes  the  work  accomplished  in  the  first  phase  of  a  two- 
phase,  two-year  program  that  involves  the  design  and  testing  of  a  single- 
stage,  high-work  radial  inflow  turbine.  This  turbine  will  be  typical  of 
one  required  for  advanced  gas  turbine  engines  employing  high  cycle  pressure 
ratios  and  high  turbine  inlet  temperatures. 

The  objectives  of  Phase  I  were  to  establish  a  preliminary  turbine  design, 
to  confirm  the  preliminary  design  through  cold-flow  tests,  and  to  conduct 
a  fabrication  study.  The  objectives  of  Phase  II  will  be  to  develop  a  final 
turbine  design  and,  finally,  to  fabricate  and  test  the  design. 

The  Phase  I  final  preliminary  turbine  design  is  the  result  of  iterative 
aerodynamic-structural-heat  transfer  analyses.  The  final  selections  of 
number  of  nozzle  vanes,  number  of  rotor  blades,  and  rotor  cooling  air 
ejection  method  were  confirmed  and  supported  by  cold-flow  tests.  The 
fabrication  study  showed  some  material  property  problems  which  require 
additional  investigation. 


FOREWORD 


The  work  described  in  this  report  was  accomplished  under  U.  S.  Army  Avia¬ 
tion  Materiel  Laboratories  Contract  DAAJ02-68-C-0003  during  the  period 
18  July  1967  to  30  May  1968.  This  report  covers  Phase  I  of  a  two-phase 
program.  Phase  II  will  be  the  subject  of  a  similar  document. 

This  program  is  being  conducted  by  three  elements  of  United  Aircraft  Cor¬ 
poration:  The  Florida  Research  and  Development  Center  of  Pratt  and 
Whitney  Aircraft  (FRDC) ;  the  Connecticut  Operations  of  Pratt  and  Whitney 
Aircraft  (Connecticut  Operations);  and  United  Aircraft  of  Canada,  Ltd. 
(UACL) ,  formerly  Pratt  and  Whitney  Aircraft  of  Canada,  Ltd.  FRDC  is  the 
prime  contractor  for  the  program,  and  both  Connecticut  Operations  and  UACL 
have  major  supporting  roles. 

In  Phase  I,  UACL  performed  the  preliminary  design  of  the  USAAVLABS  turbine 
and  conducted  cold-flow  tests  to  verify  the  preliminary  design.  Connecti¬ 
cut  Operations  performed  the  heat  transfer  analyses  of  the  cooled  airfoils 
and  assisted  FRDC  in  the  fabrication  study.  FRDC  coordinated  the  overall 
program  and  conducted  the  fabrication  study. 

In  Phase  II,  UACL  will  finalize  the  turbine  design.  FRDC  will  fabricate 
the  turbine  rig  and  the  hot  turbine  components  and  will  test  the  turbine 
at  its  West  Palm  Beach,  Florida,  facility.  UACL  will  assist  FRDC  in  both 
of  the  latter  functions  as  required. 
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INTRODUCTION 


Radial  turbines  can  offer  greater  stage-work  capacity  than  axial  turbines 
and  at  higher  efficiencies.  If  this  advantage  can  be  coupled  with  a  capa¬ 
bility  to  accommodate  high  turbine  inlet  temperatures,  radial  turbines  will 
permit  appreciable  simplification  of  small  gas  turbine  engines  for  use  in 
future  Army  vehicles.  The  objective  of  this  contract  is  to  develop  the 
technology  for  high-temperature  radial  turbines  to  a  level  that  will  per¬ 
mit  a  potential  small-engine  manufacturer  to  make  a  choice  between  the 
radial  and  axial  turbine. 

A  two-year,  two-phase  program  is  being  conducted  involving  the  design  and 
testing  of  a  cooled,  single-stage,  radial-inflow  turbine  with  the  follow¬ 
ing  design  conditions:  turbine  inlet  temperature  of  2300°F,  total-to- 
total  aerodynamic  efficiency  of  87.5%,  gas  flow  of  approximately  5  pounds 
per  second,  and  stage  work  parameter  (AH/0)  greater  than  40.0  Btu  per 
pound.  The  first  phase  of  the  program  involves  a  preliminary  design  of 
the  cooled  radial  turbine  including  development  of  cold-flow  data  to  ver¬ 
ify  the  preliminary  turbine  design.  In  the  second  phase,  the  design  will 
be  finalized  and  the  cooled  radial  turbine  will  be  fabricated  and  tested. 

This  report  documents  the  tasks  undertaken  in  Phase  I  only  and  it  presents 
the  final  configurations  and  conclusions  resulting  from  these  tasks.  It 
was  the  objective  of  this  first  phase  to  evolve,  through  iterative  aerody¬ 
namic-structural-heat  transfer  analyses,  a  preliminary  turbine  design  to 
meet  performance  objectives.  Cold-flow  tests  were  conducted  to  verify  the 
selected  numbers  of  nozzle  vanes  and  rotor  blades  and  to  help  in  assessing 
the  effect  of  cooling  air  ejection  at  the  rotor  leading  edge. 

Finally,  a  fabrication  study  was  conducted  to  establish  the  existing  state 
of  the  art  for  casting  radial  turbines  and  to  uncover  any  potential  fabri¬ 
cation  problem  areas. 
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TASK  1  -  CONTROL  LAYOUT 


OBJECTIVE 


The  Control  Layout  was  conceived  as  a  program  management  tool  that  shows 
the  latest  design  configuration  of  the  high-temperature  turbine  rig. 
During  Phase  I  of  this  program,  the  Control  Layout  was  updated  four  times 
as  the  results  of  aerodynamic,  structural  and  mechanical,  and  heat  trans¬ 
fer  analyses  indicated  that  modifications  were  desirable. 

INTERIM  CHANGES 


Control  Layout  1,  shown  in  Figure  1,  was  a  simple  rig  design  that  consisted 
of  a  radially  bladed  brake  (compressor),  a  bleed  air  system,  a  combustor, 
and  a  turbine  assembly.  This  early  configuration  represents  the  originally 
proposed  design  and  was  necessarily  based  on  rather  limited  study.  Once 
this  configuration  came  under  detailed  study,  it  became  apparent  that  the 
simple  brake  design  could  not  supply  the  desired  range  of  test  data,  and 
that  a  more  sophisticated  shaft/bearing  assembly  would  be  required  to  solve 
critical-speed  and  high-temperature  problems  in  the  bearing  compartment. 

The  most  notable  changes  in  the  evolution  of  the  final  rig  configuration 
took  place  between  Control  Layouts  1  and  2  (Figures  1  and  2).  These  changes 
resulted  from  detailed  studies  conducted  under  other  Phase  I  tasks,  which 
are  described  later. 

Control  Layout  2  is  essentially  the  same  basic  design  as  the  Phase  I  final 
configuration,  and  will  be  described  under  four  general  headings:  com¬ 
pressor  section,  burner  assembly,  bearing  compartment,  and  turbine  section. 

In  the  compressor  section,  the  simple  configuration  previously  shown  was 
replaced  by  an  annular  air  inlet  that  is  supplied  by  two  inlet  lines  180 
degrees  apart.  The  compressor  inlet  is  a  bellmouth  with  adjustable  inlet 
guide  vanes  (IGV's).  A  more  efficient  compressor  (or  brake)  impeller 
design  replaced  the  earlier  radial-bladed  design.  Pipe  diffusers  accept 
the  impeller  discharge  and  diffuse  it  to  burner  pressure.  Two  pipe  dif¬ 
fuser  designs  will  be  used  in  conjunction  with  the  variable  IGV's  to  ex¬ 
tend  the  available  range  of  test  data.  The  pressure  in  the  cavity  behind 
the  impeller  will  be  adjusted  to  control  the  axial  thrust  of  the  rotating 
assembly. 

The  burner  assembly  of  Control  Layout  2  shows  an  additional  sheet-metal 
duct  around  the  burner  that  was  not  present  in  the  previous  design.  This 
duct  establishes  the  same  reverse  flowpath  as  the  PT6  burner,  and  the 
pressure  drop  across  the  holes  (at  the  downstream  end)  should  have  a  smooth¬ 
ing  effect  on  the  air  entering  the  burner. 
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The  bearing  compartment  in  Control  Layout  2  is  oil  cooled  and  lubricated. 
Cooling  is  achieved  by  enveloping  the  outside  of  the  compartment  with  cool 
oil  flowing  in  a  spiral-type  path.  Lubrication  is  achieved  by  directing 
a  stream  of  oil  against  the  inside  diameter  of  the  cage.  Both  cooling  and 
lubricating  oil  are  scavenged  from  the  compartment  between  the  bearings. 

The  bearings  are  the  spring-loaded  angular  contact  type  with  oil- film 
damping  on  the  compressor  bearing.  Axial  thrust  is  monitored  by  strain 
gages  mounted  on  the  cylindrical  part  that  seats  on  the  Outer  Diameter 
(OD)  of  the  turbine  bearing.  Pressure-balanced  labyrinth  seals  at  the 
compressor  and  turbine  ends  of  the  compartment  keep  hot  gases  from  flowing 
into  the  bearing  area;  maximum  bearing  temperatures  will  be  limited  to 
350°F. 

In  the  turbine  section  of  the  Control  Layout  2,  the  segmented  backplate  was 
replaced  by  a  single-piece  design.  The  cooling  air  flowpath  was  also  modi¬ 
fied  so  that  the  backplate  coolant  contributes  to  cooling  the  nozzle  vanes. 
Likewise,  the  shroud  coolant  is  also  used  for  cooling  the  nozzle  vanes. 

The  rotor  cooling  airflow  was  also  modified,  so  that  it  enters  the  rotor 
from  a  downstream  location.  This  change  required  the  addition  of  en 
exhaust  centerbody  to  route  the  cooling  air  to  the  rotor.  The  vane  cool¬ 
ing  design  in  Control  Layout  2  was  changed  to  indicate  the  cooling  con¬ 
figuration  as  it  existed  at  that  time. 

Figure  3  shows  Control  Layout  3.  Changes  in  the  mechanical  design  between 
Control  Layouts  2,  3,  and  4  are  minor.  The  most  important  feature  to  be 
noted  on  the  third  Control  Layout  is  the  initial  appearance  of  the  two- 
pass  rotor  cooling  configuration.  This  marks  the  point  in  the  aerodynamic 
and  heat  transfer  analyses  that  the  two-pass  rotor  cooling  design  became 
the  preferred  configuration. 

PHASE  I  FINAL  CONFIGURATION 

Control  Layout  4,  shown  in  Figure  4,  was  the  final  configuration  evolved 
in  Phase  I.  The  turbine  test  rig  shown  in  Figure  4  is  a  supercharged  gas 
generator  that  creates  a  turbine  environment  typical  of  advanced  engines 
designed  for  high  pressure  ratio  (18:1)  and  high  turbine  inlet  temperature 
(2300°F) .  In  the  turbine  test  configuration,  pressurized  inlet  air  is 
supplied  by  compressor  bleed  air  taken  from  a  slave  gas  turbine  engine. 

Key  design  features  of  the  turbine  test  rig  include  the  following: 

1.  Adjustable  brake  (compressor)  IGV's 

2.  Single-stage  centrifugal  compressor 

3.  Pipe  diffusers  (two  designs  with  different  numbers  of  diffusers) 

4.  Bleed  air  discharge 

5.  High-temperature  burner 

6.  Oil  cooled  and  lubricated  bearing  package  with  film  damping 
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7.  Integrally  cast,  air-cooled  nozzle  vanes 

8.  Integrally  cast,  air-cooled  turbine  rotor 

9.  Cast,  air-cooled  shroud  and  backplate 


In  operation,  the  brake  serves  two  purposes:  it  absorbs  the  power  gen¬ 
erated  by  the  turbine,  and  it  raises  the  pressure  of  the  inlet  air  (90 
psia)  to  the  turbine  design  inlet  pressure  (257.5  psia).  It  is  designed 
to  accept  approximately  twice  as  much  air  as  the  turbine  design  flow  (nom¬ 
inally  5  pounds  per  second).  The  excess  air  is  discharged  through  the  bleed 
air  line.  This  feature  of  the  rig  design  affords  an  increased  range  of 
turbine  test  data  as  compared  to  a  design  in  which  the  compressor  and 
turbine  airflow  rates  are  equal. 


The  adjustable  brake  IGV's  and  the  two  pipe  diffuser  designs  are  required 
to  utilize  the  wide  range  of  test  conditions  (made  possible  by  the  bleed 
air  system)  without  operating  the  brake  in  surge  conditions. 


The  heart  of  the  burner  design  is  the  UACL  PT6  flame  tube  and  fuel  system. 

To  this  have  been  added  a  sheet-metal  duct  that  establishes  the  proper  gas 
flowpath  for  efficient  burner  operation,  and  a  transition  piece  to  turn  the 
hot  gases  in  a  radially  inward  direction.  The  outer  shell  of  the  rig  sup¬ 
ports  the  entire  test  assembly. 

To  operate  the  high-speed  (67,000  rpm)  bearing  system  in  a  high-temperature 
environment,  it  was  necessary  to  provide  appreciable  cooling  within  the 
bearing  package.  This  was  accomplished  by  designing  a  cylindrical  flowpath 
for  cooling  oil  that  envelops  the  bearing  assembly  and  maintains  acceptable 
temperatures  in  this  area.  Oil-film  damping  has  been  provided  at  the  brake 
bearing  to  damp  out  the  first  two  critical  speeds  (10,000  and  25,000  rpm) 
which  must  be  passed  through  in  accelerating  to  design  speed. 

The  four  main  turbine  parts  (rotor,  nozzle  assembly,  shroud,  and  backplate) 
have  been  designed  as  air-cooled  IN  100  (FWA  658)  castings.  The  preliminary 
design  of  these  parts  was  accomplished  in  Phase  I. and  the  detail  design 
will  be  completed  during  Phase  II. 

Primary  control  of  the  rig  is  achieved  with  the  PT6  fuel  control  and 
the  bleed  air  control  valve.  Secondary  control  points  are  the  adjustable 
brake  IGV's  and  a  turbine  back-pressure  control  valve.  Turbine  power  is 
determined  by  measuring  the  compressor  work,  and  correcting  it  for  bearing, 
seal,  and  windage  losses.  This  value  is  verified  by  the  total  temperature 
drop  across  the  turbine. 

In  the  burner  test  configuration  (Figure  5)  ,  the  rotating  turbine  assembly 
is  replaced  by  a  temperature/pressure  traversing  assembly.  This  config¬ 
uration  will  be  used  to  measure  total  temperature  and  total  pressure  at 
the  nozzle  leading  edge.  An  indexing  gearbox  will  be  used  to  advance 
the  probes  in  equal  circumferential  increments,  and  multiple  probes  lo¬ 
cated  at  different  axial  positions  will  provide  spanwise  data. 
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TASK  2  -  AERODYNAMIC  DESIGN 


OBJECTIVES 


This  task  involved  design  studies  in  the  following  four  categories: 

1.  High-temperature  hardware 

2.  Cold-flow  hardware 

3.  Water  visualization  rig 

4.  Rig  brake  (compressor) 

The  objective  of  the  high-temperature  hardware  study  was  to  produce  a  pre¬ 
liminary  aerodynamic  design  of  a  turbine  rotor  and  nozzle  that  would  be 
suitable  for  the  gas  generator  turbine  in  the  following  hypothetical  cycle: 

•  Type  of  engine  -  twin-spool  turboshaft 

•  Airflow  rate  -  approximately  5.0  pounds  per  second 

•  Turbine  inlet  temperature  -  2300°F 

•  Engine  pressure  ratio  -  18:1 

In  the  aerodynamic  design  of  the  cold- flow  hardware,  an  existing  turbine 
design  was  used  as  the  basis  of  new  hardware  configurations.  The  objective 
of  this  effort  was  to  design  hardware  that  could  be  compared  with  existing 
data  to  show  the  effect  on  performance  of: 

•  Different  number  of  rotor  blades 

•  Different  number  of  nozzle  vanes 

•  Thickened  vane  trailing  edges 

The  objective  of  the  water  visualization  rig  study  was  to  produce  a  design 
for  an  inexpensive,  yet  useful,  water  analogy  rig.  This  rig  was  used  to 
study  flow  characteristics  near  the  rotor  leading  edge. 

Although  not  originally  scheduled,  the  aerodynamic  design  of  the  rig  brake 
became  necessary  when  studies  showed  that  the  original  type  of  brake  was 
unsuitable.  The  objective  of  the  brake  aerodynamic  study  was  to  produce 
designs  for  a  brake  configuration  (including  IGV's,  rotor,  and  diffuser) 
that  would  be  suitable  for  loading  the  turbine  over  a  wide  range  of  operat¬ 
ing  conditions. 

The  following  paragraphs  describe  the  basic  aerodynamic  design  philosophy 
and  the  results  of  the  analyses  in  each  of  the  af ormentioned  categories. 
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DESIGN  PHILOSOPHY 


In  designing  the  cooled  rotor  and  nozzles,  the  overall  objective  was  to 
arrive  at  the  lowest  loss  design  while  accommodating  the  necessary  geometric 
compromises  required  for  satisfactory  stress  and  temperature  levels.  In 
the  case  of  the  cooled  rotor,  these  compromises  were  found  to  be  compara¬ 
tively  severe  due  to  its  small  size  and  high  temperature,  which  made  pro¬ 
portionately  large  running  clearances  mandatory.  In  the  case  of  the 
cooled  nozzles,  the  aerodynamic  compromise  appears  in  the  form  of  thickened 
trailing  edges,  which  are  required  for  adequate  heat  conduction  from  the 
vanes  to  the  sidewalls. 

GENERAL  DESIGN  PROCEDURE 


The  general  shape  of  the  USAAVLABS  turbine  was  evolved  as  follows: 

•  Rotor  exit  swirl  was  first  chosen  to  be  zero,  and 

•  Rotor  exit  annulus  area  was  chosen  such  that  the  absolute  Mach  number 
at  rotor  exit  came  to  a  reasonably  low  value,  0.427.  This  was  done  to 
minimize  the  exhaust  duct  losses  in  a  single-shaft  engine  application, 
and  inter-turbine  duct  losses  in  a  free-turbine  engine  application  of 
the  turbine. 

•  Rotor  exit  radius  was  chosen  as  a  compromise  between  the  two  most  like¬ 
ly  exhaust  configurations  (straight  or  annular  exhaust  ducts)  to  make 
the  design  equally  suitable  for  a  range  of  applications. 

•  Rotor  tip  width  was  chosen  next.  For  a  given  relative  flow  angle  at 
the  tip,  a  wide  tip  corresponds  to  a  rotor  design  having  high  mean  line 
acceleration  relative  to  the  rotor  (and  hence  lower  separation  losses), 
but  it  also  requires  a  high  absolute  velocity  at  rotor  tip,  and  a  more 
highly  stressed  blade.  The  tip  width  finally  chosen  was  a  compromise 
between  performance  and  stress  requirements  and  corresponds  to  an  abso¬ 
lute  flow  angle  at  the  rotor  tip  of  75  degrees. 

•  Rotor  tip  radius  is,  for  a  given  combination  of  enthalpy  drop,  rota¬ 

tional  speed  and  exit  swirl,  a  function  only  of  the  rotor  tip  relative 
flow  angle.  Since  for  stress  reasons  the  USAAVLABS  rotor  blades  had  to 
be  radial,  the  relative  flow  angle  at  the  rotor  tip  was  equal  to  the  tip 
incidence.  A  high  positive  incidence  corresponds  to  a  reduced  blade  p 

length,  which  in  turn  reduces  blade  and  hub  stresses.  However,  a  high 
positive  incidence  produces  turning  losses  at  rotor  tip.  The  tip  radi¬ 
us  finally  chosen  was  a  compromise  between  performance  and  stress  re¬ 
quirements,  and  it  corresponds  to  a  positive  incidence  of  6.5  degrees. 

Past  test  results  indicate  that  this  will  result  in  a  drop  of  1/2 
point  in  turbine  efficiency. 
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HIGH-TEMPERATURE  HARDWARE 


Mean-Line  Design  History 

The  first  mean-line  design  that  was  extensively  analyzed  is  presented  in 
Figure  6.  The  numbers  of  nozzle  vanes  and  rotor  blades  shown  are  20  and 
12,  respectively.  These  original  choices  were  considered  to  be  the  best 
compromise  between  higher  and  lower  numbers  of  vanes  and  blades  on  the  ba¬ 
sis  of  the  previous  Canadian  Defence  Research  Board  tests.  In  these  tests, 
a  rotor  with  14  blades  was  tested  with  a  nozzle  section  of  25  vanes,  and 
the  measured  turbine  efficiency  was  acceptable  (89.87.,  verified  by  tests 
conducted  under  this  program  in  Task  6  -  Cold-Flow  Tests).  The  original 
vane  and  blade  numbers  were  selected  to  reduce  the  number  of  airfoils  that 
required  cooling  air,  without  incurring  a  great  performance  penalty.  These 
original  selections  were  later  confirmed  by  the  cold-flow  tests. 

When  the  number  of  nozzle  vanes  was  originally  chosen  at  20,  it  was  antic¬ 
ipated  that  this  selection  would  be  verified  by  using  results  from  the 
cold-flow  tests  (with  different  numbers  of  vanes)  and  trading  off  perform¬ 
ance  for  cooling  air.  For  example,  more  vanes  might  improve  turbine  per¬ 
formance,  but  they  would  also  require  more  total  coolant.  However,  the 
Phase  I  final  hot  turbine  design  uses  the  backplate  and  shroud  coolant  to 
cool  the  vanes  also,  and  the  total  cooling  air  flowed  through  the  vanes  is 
more  than  that  required  to  cool  the  airfoils  alone.  Therefore,  the  origin¬ 
ally  planned  trade-off  study  is  irrelevant.  The  cold-flow  tests  showed 
only  a  slight  change  in  performance  with  number  of  vanes  greater  than  and 
less  than  20,  and  the  original  choice  of  vane  number  was  maintained  on  the 
basis  of  a  somewhat  different  rationale  (see  Task  6  -  Cold-Flow  Tests). 

Likewise,  the  selection  of  12  rotor  blades  was  expected  to  be  verified  by 
the  results  of  the  cold-flow  tests  (using  different  numbers  of  blades)  and 
another  cooling/aerodynamic  trade-off  study.  This  trade-off  study  would 
be  similar  to  that  for  nozzles  in  that  more  rotor  blades  might  improve  per¬ 
formance,  but  additional  rotor  blades  would  require  more  total  coolant. 
Cold-flow  tests  showed  that  the  12-bladed  rotor  was  slightly  less  effi¬ 
cient  than  the  14-bladed  rotor,  even  when  the  increased  coolant  required 
for  the  14-bladed  rotor  was  taken  into  account.  However,  the  applicability 
of  these  data  was  influenced  by  other  considerations  (see  Task  6  -  Cold- 
Flow  Tests)  and  the  original  selection  of  12  blades  for  the  rotor  was  re¬ 
tained  in  the  Phase  I  final  aerodynamic  design. 

The  rotor  tip  absolute  flow  angle  in  Figure  6  is  75  degrees.  As  previously 
stated,  this  value  was  chosen  as  a  compromise  between  a  lower  flow  angle 
(shown  in  Figure  7,  desirable  for  low  rotor  blade  centrifugal  stresses) 
and  a  higher  flow  angle  (shown  in  Figure  8,  desirable  for  high  flow  accel¬ 
eration  within  the  rotor).  The  preliminary  (proposal)  nozzle  angle  had 
been  selected  at  70  degrees  with  a  nozzle  span  of  0.250  inch  and  a  flow 
rate  of  5  pounds  per  second.  Changing  the  flow  angle  to  75  degrees  re¬ 
quired  a  span  increase  to  0.339  inch  to  pass  the  nominal  design  flow  of 
5  pounds  per  second. 
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The  hot  turbine  mean-line  design  was  modified  twice  during  Phase  I,  both 
times  as  a  result  of  cooling  air  effects.  The  first  modification  is  shown 
on  Figure  9,  and  the  most  significant  change  is  in  the  flowrate  at  the 
nozzle  inlet  (Winlet)*  In  this  design,  Winiet  has  been  decreased  to  4.75 
pounds  per  second  from  the  5.00  pounds  per  second  shown  in  the  previous 
mean-line  design.  This  is  the  result  of  discharging  the  backplate  and 
shroud  cooling  air  through  the  vane  trailing  edge,  which  increases  the  gas 
flow  through  the  rotor  relative  to  the  gas  flow  at  the  nozzle  inlet.  To 
allow  for  this  difference  with  a  minimum  of  geometry  changes,  the  rotor 
flowrate  was  held  constant,  and  the  nozzle  inlet  flowrate  was  reduced  by 
the  amount  of  shroud  and  backplate  coolant. 

The  second  modification  to  the  mean-line  design  resulted  in  the  Phase  I 
final  configuration  (see  Figure  10).  This  configuration  reflects  the  temp¬ 
erature-reduction  effect  of  mixing  the  shroud  and  backplate  coolant  with 
the  2300°F  main  gas  stream.  This  is  predicted  to  reduce  tne  main  stream 
stagnation  temperature  from  2300°F  (TIT)  at  the  nozzle  inlet  to  2225°F  at 
the  rotor  leading  edge,  which  will  reduce  the  work  extraction  from  226  0 
Btu  per  pound  to  219.6  Btu  per  pound.  Changes  to  the  mean-line  desig  were 
again  chosen  to  minimize  the  geometry  modification  required  as  follows: 

•  Rotor  tip  incidence  was  reduced  from  15  degrees  (positive)  to  6.5  de¬ 
grees  (positive).  This  was  desirable  for  improved  aerodynamic  perform¬ 
ance.  To  achieve  this  incidence  with  the  corrected  leading  edge  temp¬ 
erature,  the  rotor  tip  diameter  was  increased  by  0.028  inch. 

•  Mass  flow  at  the  vane  inlet  was  increased  from  4.75  pounds  per  second 
to  4.90  pounds  per  second  to  restore  the  desired  air  angle  at  rotor  in¬ 
let. 

Hot  Nozzle  Velocity  Distribution 


The  velocity  distributions  for  the  cooled  nozzle  and  rotor  were  calculated 
with  previously  formulated  computer  programs,  which  use  a  potential  flow 
analysis  to  predict  internal  flow  conditions. 

The  vane  that  has  been  designed  for  the  USAAVLABS  turbine  is  of  the  reflex 
type  (i.e.,  the  suction  surface  downstream  of  the  throat  is  a  streamline 
in  a  compressible,  adiabatic,  free  vortex  with  sidewall  and  vane  profile 
friction).  Calculated  incidence  at  the  leading  edge  is  zero.  Figure  11 
is  a  schematic  of  this  type  of  nozzle. 

The  calculated  velocity  distribution  for  the  USAAVLABS  nozzle  is  shown  in 
Figure  12.  This  figure  shows  that  the  flow  is  accelerating  on  both  the 
pressure  and  suction  surfaces,  with  increased  acceleration  on  the  suction 
surface  near  the  throat.  This  is  noteworthy  because  it  is  not  uncommon  in 
nozzle  design  practice  to  have  local  diffusion  at  the  throat  on  the  suction 
surface,  even  though  the  flow  is  accelerating  overall.  The  velocity  dis¬ 
tribution  shown  is  desirable  to  reduce  boundary  layer  buildup  and  thus  im¬ 
prove  nozzle  efficiency. 
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Hot  Rotor  Velocity  Distribution 


Figures  13,  14,  and  15  present  the  velocity  distributions  for  the  Phase  I 
final  rotor  design.  These  velocity  distributions  were  calculated  by  the 
method  of  Katsanis*,  and  they  correspond  to  the  Phase  I  final  mean-line 
design  shown  in  Figure  10. 

In  evaluating  calculated  velocity  distributions,  there  are  four  velocity 
distribution  features  that  should  be  noted:  (1)  the  diffusion  on  the 
e..Jucer  suction  surface  near  the  shroud,  (2)  diffusion  on  the  geometric 
mean  streamline  near  the  shroud,  (3)  the  extent  of  calculated  flow  rever¬ 
sal  at  the  rotor  tip,  and  (4)  the  smoothness  of  the  calculated  velocity 
distributions.  These  features  can  be  used  for  a  qualitative  comparison  of 
a  new  rotor  design  with  another  rotor  of  known  performance  to  arrive  at  a 
qualitative  conclusion  regarding  the  new  rotor's  performance. 

Diffusion  is  generally  undesirable  ir  a  turbine  rotor  because  it  results 
in  unfavorable  pressure  gradients,  thickening  of  the  boundary  layer,  and 
in  some  cases,  flow  separation.  In  the  case  of  the  radial  turbine,  diffu¬ 
sion  is  especially  undesirable  near  the  shroud  in  general,  and  on  the  suc¬ 
tion  surface  of  the  exducer  near  the  shroud  in  particular.  This  conclu¬ 
sion  results  from  previous  experience  with  the  Canadian  Defence  Research 
Board  (DRB)  turbine,  which  indicated  lower  efficiency  near  the  exducer 
blade  tips  compared  to  the  efficiency  at  the  exducer  blade  root**.  The 
calculated  velocity  distribution  for  the  DRB  turbine  showed  some  diffusion 
in  the  exducer,  especially  on  the  suction  side  of  the  blade  near  the  tip, 
and  some  separation  from  the  blade  tips  was  indicated  by  exit  traverses. 

Flow  separation  is  always  undesirable  in  a  turbine,  because  it  results  in 
turbulent  flow  patterns  and  some  energy  loss.  Most  radial  turbines  have 
some  leading  edge  separation  and  flow  reversal  at  the  design  point;  the 
calculated  flow  reversal  can  be  used  as  a  measure  of  the  extent  of  flow 
separation. 

The  smoothness  of  the  calculated  velocity  distributions  is  another  indi¬ 
cator  of  rotor  efficiency.  A  smooth  velocity  distribution  is  desirable 
because  it  means  that  the  gas  is  accelerated  evenly  throughout  the  gas 
path,  and  losses  associated  with  abrupt  velocity  changes  and/or  local 
diffusion  are  minimized. 

Some  qualitative  conclusions  can  be  drawn  from  a  comparison  of  the  calcu¬ 
lated  velocity  distributions  for  the  USAAVLABS  rotor  with  those  calculated 
for  the  10- ,  12- ,  and  14-bladed  cold- flow  rotors  (Figures  16  and  17). 


*  "The  Use  of  Quasi-Orthogona Is  for  Calculating  Flow  Distribution  in  a 
Turbomachine,"  Katsanis,  T. ,  ASME  65-WA/GTP-2. 

**  UACL  Engineering  Report  No.  458,  "Phase  III  Interim  Report  No.  6,  90 
degree  Inward  Flow  Radial  Turbine  Research  Program,"  Project  P3. 
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Figure  13  indicates  a  relatively  low  suction  side  diffusion  (220  feet  per 
second  in  the  exducer  near  the  shroud.  Only  one  of  the  cold-flow  rotors 
(14-bladed)  showed  a  lower  value,  200  feet  per  second.  Considering  the 
diffusion  along  the  geometric  mean  streamline  near  the  shroud,  the 
USAAVLABS  turbine  has  only  50  feet  per  second  diffusion  compared  to  270 
feet  per  second  for  the  best  cold-flow  rotor. 

The  calculated  flow  reversal  at  the  rotor  leading  edge  for  the  USAAVLABS 
turbine  is  670  feet  per  second  which  is  higher  than  either  the  14-bladed 
(400  feet  per  second)  or  the  12-bladed  (570  feet  per  second)  cold-flow 
rotors.  However,  the  velocity  distribution  of  the  USAAVLABS  rotor  is 
smoother  than  any  of  the  cold-flow  rotors. 

Table  I  summarizes  the  comparative  evaluation  of  the  turbine  rotors;  on 
the  basis  of  this  comparison,  the  aerodynamic  performance  of  the  USAAVLABS 
turbine  should  be  as  good  as  the  12-bladed  cold-flow  rotor. 


TABLE  I.  COMPARATIVE  EVALUATION  OF 
TURBINE  ROTOR  SUMMARY 


Turbine  Rotor 

Mean 

Exducer  Streamline 
Diffusion  Diffusion 
(ft/sec)  (ft/sec) 

Flow 

Reversal 

(ft/sec) 

Smoothness 
of  Velocity 
Distribution 

Cold-Flow  (14-Bladed) 

200 

270 

400 

Poor 

Cold-Flow  (12-Bladed) 

340 

280 

570 

Poor 

Cold-Flow  (10-Bladed) 

480 

290 

800 

Poor 

USAAVLABS  Rotor  (12-Bladed) 

220 

50 

670 

Good 

Hot  Turbine  Predicted  Performance 


Figures  18  and  19  present  the  predicted  performance  of  the  AVLABS  turbine. 
The  off-design  characteristics  were  estimated  from  the  results  of  the  pre¬ 
vious  DRB  tests* *;  these  turbine  performance  data  were  used  in  the  design 
of  the  control  system,  the  rig  brake,  IGV's  and  pipe  diffusers. 


*  UACL  Engineering  Report  No.  463,  "Final  Report,  90  degree  Inward  Flow 
Radial  Turbine  Research  Program,"  Project  P3. 
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COLD -FLOW  HARDWARE 


Cold-Flow  Rotors 


In  this  segment  of  the  aerodynamic  design  task,  two  new  cold-flow  rotors 
were  designed  with  12  and  10  blades  to  provide  data  for  comparison  with 
existing  data  from  the  DRB  14-bladed  rotor.  These  two  new  rotors  used  the 
same  blade  design  as  the  existing  14-bladed  rotor.  Although  this  meant 
that  the  12-bladed  and  10-bladed  designs  would  not  be  aerodynamically  op¬ 
timized,  it  was  desirable  from  an  economic  and  scheduling  viewpoint  since 
the  tooling  was  already  available.  Figure  20  shows  the  new  rotor  designs. 

Effect  of  Blade  Number  on  Efficiency 


Flow  analyses  of  the  10-  and  12-bladed  rotors  were  completed  using  the  po¬ 
tential  flow  analysis.  Figures  16  and  17  (previously  discussed)  compare 
the  calculated  velocity  distributions  for  these  rotors  with  the  distribu¬ 
tion  of  the  basic  14-bladed  rotor. 

Figure  16  describes  the  calculated  velocity  distributions  along  the  rotor 
shroud  at  the  suction  surface,  the  pressure  surface,  and  the  geometric 
mean.  It  is  evident  that  the  blade  loading  (i.e.,  the  velocity  difference 
between  the  suction  and  pressure  surfaces)  increases  as  the  number  of 
blades  is  reduced.  As  a  corollary,  reducing  the  number  of  blades  in¬ 
creases  local  diffusion,  as  well  as  the  extent  of  the  flow  reversal  region 
at  the  leading  edge  of  the  pressure  surface.  On  the  basis  of  earlier  DRB 
test  results,  the  calculated  pressure -surface  flow  reversal  and  the  suc¬ 
tion-surface  diffusion  in  the  exducer  are  believed  to  be  governing  para¬ 
meters  for  rotor  losses.  Therefore,  the  implication  of  these  calculated 
velocity  distributions  is  that  a  reduction  of  the  number  of  blades  is  ac¬ 
companied  by  a  loss  of  turbine  efficiency,  with  <»  wider  efficiency  incre¬ 
ment  between  10  and  12  blades  than  between  12  and  14  blades.  This  has 
been  verified  by  the  cold-flow  tests  of  Builds  1,  2,  and  3  (see  Task  6- 
Cold-Flow  Tests). 

Figure  17  shows  the  calculated  velocity  distributions  along  the  hub  of  the 
rotor.  The  negative  loading  indicated  between  the  nondimens ional  distance 
from  tip  (Am/m)  of  0.55  and  0.65  is  very  small  in  the  radial  direction  and 
may  well  be  due  to  peculiarities  in  the  analysis  method.  Results  of  the 
cold-flow  tests  indicate  that  the  local  efficiency  at  the  hub  is  very 
high;  therefore,  the  negative  loading,  if  it  does  exist,  does  not  have 
much  effect  on  turbine  efficiency.  The  high  measured  hub  efficiency  also 
suggests  that  the  large  calculated  suction  surface  diffusion  in  the  star 
portion  (between Am/m  of  0.15  and  0.55)  does  not  have  a  strong  effect  on 
rotor  efficiency.  The  very  low  blade  loading  in  the  exducer  (between 
Am/m  of  0.65  and  1.00)  is  caused  by  the  requirement  for  radial  blade  ele¬ 
ments  and  is  unavoidable. 
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Cold-Flow  Nozzles 


Three  new  cold-flow  nozzle  sections  were  designed  which,  in  conjunction 
with  existing  data  from  a  25-vaned  nozzle  section,  would  show  these  two 
effects: 

1.  Increased  nozzle  vane  trailing-edge  thickness  (TET) 

2.  Reduced  number  of  vanes 

The  effect  of  trailing-edge  thickness  was  of  interest  in  this  program  be¬ 
cause  the  USiiAVLABS  turbine  was  designed  with  thicker-than-usua 1  trailing 
edges  to  conduct  heat  from  the  vane  to  the  platforms.  The  effect  of  re¬ 
duced  number  of  vanes  was  also  of  interest  because  the  original  design 
studies  were  based  on  20  vanes  for  the  USAAVLABS  turbine.  This  was  con¬ 
sidered  to  be  the  best  compromise  between  a  higher  number  of  vanes  (which 
may  perform  better,  but  require  more  coolant)  and  a  lower  number  of  vanes 
(which  may  have  lower  performance,  but  require  less  coolant). 

The  existing  25-vaned  nozzle  section  had  a  throat  dimension  of  0.354- inch 
and  a  TET  of  0.017-inch  which  is  typical  of  the  minimum  castable  TET  (0.020 
inch).  The  USAAVLABS  turbine  was  designed  with  a  0.040- inch  TET,  the  mini¬ 
mum  dimension  for  adequate  heat  conduction.  Since  the  significant  aerodynamic 
design  parameter  associated  with  vane  trailing-edge  thickness  is  the  ratio 
of  IET  to  throat  opening,  the  new  25-vaned  cold-flow  nozzle  was  designed 
with  a  TET  of  0.050-inch  (giving  a  ratio  of  TET/throat  opening  =  0.141) 
to  cover  a  range  of  data  that  would  include  the  USAAVLABS  turbine  TET-to- 
throat  opening  ratio  (0.40/0.313  =  0.128).  Thus,  comparison  of  the  per¬ 
formance  of  the  two  25-vaned  nozzle  sections  with  otherwise  identical  hard¬ 
ware  shows  the  efficiency  penalty  associated  with  heat  conduction  require¬ 
ments  of  the  USAAVLABS  turbine  vane  (see  Task  6  -  Cold-Flow  Tests). 

The  other  two  cold-flow  nozzle  sections  were  designed  with  20  and  15 
nozzle  vanes.  These  two  sections  were  designed  along  with  the  new  25- 
vaned  section  to  be  members  of  a  consistent  design  "family,"  with  the 
following  parameters  held  constant: 

•  Vane  span  (i.e.,  the  axial  dimension  for  a  radial  vane) 

•  Radius  to  trailing-edge  center 

•  Total  throat  area 

•  Trailing-edge  thickness 

•  Angle  between  inlet  stagnation  streamline  and  line  tangent  to  suction 
surface  at  intersection  of  suction  surface  with  leading-edge  radius 
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The  following  parameters  were  varied  (by  necessity)  for  the  new  designs: 

•  Wetted  wall  area  per  nozzle  passage 

•  Throat  aspect  ratio,  defined  as  the  span  divided  by  the  throat 

dimens  ion 

•  Trailing-edge  wedge  angle 

Thus,  comparison  of  the  performances  of  the  three  new  cold-flow  nozzle 
sections  with  otherwise  identical  hardware  indicates  the  effect  of  reduc¬ 
ing  the  number  of  nozzle  vanes  below  25. 

It  is  noteworthy  that  the  new  cold-flow  nozzles  were  designed  to  have  ve¬ 
locity  distributions  identical  to  each  other  and  similar  to  the  USAAVLABS 
turbine  nozzle  (previously  shown  in  Figure  12).  The  test  data  generated 
by  the  cold-flow  tests  should  be  applicable  to  the  USAAVLABS  design. 

Figures  21,  22,  and  23  present  the  designs  of  the  15- ,  20- ,  and  25-vaned 
cold-flow  nozzle  rings. 

Nozzle  Potential  Flow  Streamlines 


Figures  24,  25,  and  26  present  calculated  potential  flow  streamlines  for 
the  three  new  cold-flow  nozzle  sections.  These  figures  show  that  the 
three  sections  were  designed  to  have  similar  leading-edge  flow  conditions, 
(i.e.,  the  leading  edge  is  aligned  with  the  anticipated  incident  flow 
direction). 

To  illustrate  the  importance  of  correct  leading-edge  orientation,  poten¬ 
tial  flow  streamlines  were  calculated  for  the  basic  25-vaned  nozzle  with  a 
progressively  reduced  (cutback)  chord.  If  the  vane  chord  were  reduced  by 
a  moderate  cutback  on  the  leading  edge,  leaving  the  rest  of  the  vane  un¬ 
touched,  the  streamline  pattern  would  look  like  that  shown  in  Figure  27. 
Part  of  the  flow  in  passing  around  the  leading  edge  would  feel  a  rather 
high  local  curvature  that  would  produce  a  high  local  velocity.  This  high 
velocity  at  the  leading  edge  cannot  be  maintained,  since  the  suction  sur¬ 
face  curvature  decreases  toward  the  throat  (i.e.,  local  diffusion  takes 
place).  When  this  diffusion  becomes  sufficiently  high,  a  real  gas  would 
separate  from  the  suction  surface.  While  the  flow  would  probably  reattach 
ahead  of  the  throat  due  to  the  high  overall  acceleration  in  the  channel, 
the  total  pressure  loss  would  be  increased  and  flow  would  become  unsteady. 
Figure  28  shews  the  calculated  streamlines  with  a  severe  leading-edge  cut¬ 
back.  Now  the  circulation  imposed  by  the  vane  moves  the  leading-edge  stag¬ 
nation  streamline  farther  away  from  the  leading  edge,  and  the  flow  next  to 
the  suction  surface  would  certainly  separate.  While  this  vane  design  might 
be  suitable  for  a  turbine  having  a  noiradial  inlet  flow  direction,  it  is 
clearly  not  adequate  for  the  USAAVLABS  design. 


WATER  VISUALIZATION  RIG 


Figure  29  shows  the  final  configuration  of  the  water  visualization  rig. 

This  rig  incorporates  a  rotating  mirror  optical  system  and  a  high-speed 
movie  camera  to  record  the  movement  of  water  flow  relative  to  a  turbine 
blade.  A  transparent  viewing  port  will  permit  the  photographic  system  to 
follow  a  single  rotor  blade  through  approximately  one-fourth  of  a  revolu¬ 
tion. 

To  record  the  relative  flow,  a  fixed  camera  is  aimed  at  a  mirror  located  on 
the  centerline  and  above  the  turbine  wheel.  This  mirror  rotates  at  one-  • 

half  turbine  speed,  and  the  effective  line  of  sight  thus  rotates  at  tur¬ 
bine  speed  along  a  single  radial  line  on  the  turbine  rotor.  At  the  rim, 
another  mirror  mounted  on  this  radial  line  (i.e.,  rotating  with  the  tur¬ 
bine)  deflects  the  line  of  sight  down  through  the  blades  so  that  the  cam¬ 
era  sees  an  image  in  which  the  rotor  blades  are  fixed  and  the  nozzle  vanes 
rotate.  During  the  period  in  which  the  central  mirror  is  at  a  usable 
angle,  the  view  is  the  same  as  that  of  a  camera  mounted  approximately  4 
feet  above  the  turbine  rim,  looking  down  through  the  blades  and  rotating 
with  the  turbine  wheel.  Surface-aluminized  mirrors  are  used  to  eliminate 
multiple  secondary  images. 

By  the  use  of  a  system  in  which  the  final  viewing  device  is  fixed,  there 
are  no  restrictions  on  camera  type,  other  than  the  minimum  focal  distance 
requirement  of  approximately  4  feet.  The  image  could  in  fact  be  viewed  by 
eye,  although  the  intermittent  presentation  would  make  interpretation  dif¬ 
ficult. 

The  camera  that  was  used  with  this  rig  is  a  Wollensak  WF4  16-mm  Fastax 
that  is  capable  of  speeds  up  to  9000  frames  per  second.  Usable  speed  was 
limited  by  light  intensity  (from  a  1  kw  lamp)  to  about  1000  frames  per 
second.  At  a  normal  projection  speed  of  16  frames  per  second,  this  gives 
a  time  magnification  of  more  than  60.  Assuming  12  blades  and  30  rpm,  a 
rotor  blade  channel  passes  a  fixed  point  in  about  1/6  second,  and  this 
event  will  thus  be  expanded  to  10  seconds  on  projection. 

Water  streamlines,  both  for  the  primary  (driving)  flow  and  the  secondary 
(cooling)  flow,  were  initially  to  be  made  visible  through  the  generation 
of  tiny  hydrogen  bubbles.  These  hydrogen  bubbles  were  to  be  generated  by 
electrolysis  of  water.  Electrodes  were  located  both  in  the  nozzles  (for 
primary  flow  streamlines)  and  at  the  rotor  leading  edge  (for  secondary 
flow  streamlines).  During  our  pre-proposal  studies,  dyed  water  was  con¬ 
sidered  for  the  coolant  flow,  but  this  system  was  discarded  in  favor  of 
the  simpler  hydrogen-bubble  design.  However,  operational  problems  (de-  * 

scribed  in  Task  6  -  Cold-Flow  Tests)  made  the  hydrogen  system  unfeasible 
for  this  program,  and  the  original  dyed  water  scheme  was  used  to  distin¬ 
guish  the  rotor  cooling  flow  from  the  main  flow. 
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Results  (discussed  in  Task  6-Cold-Flow  Tests)  from  the  water  rig  were  in¬ 
fluential  in  finally  selecting  a  two-pass  rotor  cooling  design  with  exducer 
ejection  over  the  original  single-pass  design  with  tip  ejection  (see  Task 
6-Cold-Flow  Tests). 

RIG  BRAKE  DESIGN 


The  original  conceptual  design  of  the  rig  brake  impeller  is  shown  in 
Figure  30.  During  the  pre-proposal  design  studies,  it  was  assumed  that  an 
adiabatic  efficiency  of  60%  could  be  achieved  with  the  simple  radial- 
bladed  impeller.  However,  during  the  detailed  design  of  the  rig,  one  of 
the  reference  works  in  the  literature*  indicated  that  this  efficiency  esti¬ 
mate  was  high,  and  that  efficiencies  below  50%  should  be  expected.  This 
would  severely  limit  the  available  range  of  test  data,  and  it  was  decided 
to  design  a  more  sophisticated,  more  efficient  compressor  impeller. 

The  impeller  that  was  finally  designed  (shown  schematically  in  Figure  31) 
is  a  scaled-up  version  of  one  that  was  designed  for  a  Canadian  DRB-funded 
compressor  research  program.  The  scaled-up  version  of  the  DRB  compressor 
was  selected  instead  of  a  new  impeller  design  for  two  reasons:  (1)  the 
tooling  required  to  machine  this  impeller  was  available,  and  the  cost  of 
new  tooling  was  thus  avoided;  and  (2)  prediction  of  the  brake  performance 
could  be  made  with  a  high  degree  of  accuracy,  using  the  extensive  test  data 
that  have  been  generated  with  the  DRB  impeller. 

Variable  IGV's  were  chosen  because  of  the  desired  range  in  power  absorp¬ 
tion  that  extends  from  660  Btu  per  second  to  1225  Btu  per  second  at  design 
speed.  The  alternative  of  throttling  the  flow  upstream  of  the  impeller  was 
also  considered.  This,  however,  resulted  in  an  excessively  low  brake  inlet 
pressure  with  a  correspondingly  low  and  unacceptable  pressure  at  the  tur¬ 
bine  inlet. 

Axial  IGV's  were  selected  instead  of  radial  IGV's  for  three  principal 
reasons.  First,  extensive  test  data  are  available  for  this  type  IGV. 
Secondly,  axial  guide  vanes  can  be  designed  by  simply  scaling  an  existing 
design  that  is  known  to  perform  satisfactorily.  Last,  the  choice  of  axial 
IGV's  facilitates  the  aerodynamic  design  of  the  intake,  which  would  be 
difficult  with  radial-type  IGV's  for  impeller  inlet  swirls  ranging  from  0 
to  55  degrees. 

A  diffusing  system  is  required  to  deliver  the  design  static  pressure  to 
the  combustor.  A  vaneless  diffuser  was  first  considered,  but  was  judged 
inadequate;  it  was  decided  to  use  a  pipe  diffuser.  Cost-wise  a  oipe  dif¬ 
fuser  is  competitive  with  a  vaned  diffuser,  and  extensive  testing  has  al¬ 
ready  been  accomplished  with  pipe  diffusers.  However,  a  single  diffuser 
could  not  be  designed  to  cover  the  complete  range  of  data, and  a  second  one 
was  designed  for  the  lower  end  of  the  power  absorption  curve. 

*  "Development  of  Some  Unconventional  Centrifugal  Pumps,"  U.  M.  Barske, 
Institute  of  Mechanical  Engineers  (London)  Paper  No.  21/59,  1960. 
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Figures  32  through  36  show  calculated  part-load  maps  of  the  brake.  For  a 
given  pipe  diffuser  and  IGV  setting,  the  range  of  data  shown  on  the  per¬ 
formance  maps  will  be  accessible  through  different  combinations  of  bleed- 
valve  settings  and  turbine  inlet  temperatures.  Figures  32  through  35  show 
the  brake  equipped  with  a  26-pipe  diffuser  at  IGV  swirl  settings  of  0,  10, 
25,  and  35  degrees,  respectively.  Figure  36  shows  the  same  impeller,  but 
with  a  36-pipe  diffuser,  at  an  IGV  setting  of  0  degrees.  Although  it  is 
predicted  that  only  a  single  IGV  setting  will  be  required  with  the  36-pipe 
diffuser,  all  of  the  previously-used  IGV  settings  will  be  available  for 
use  if  necessary.  These  part-load  maps  were  used  in  conjunction  with  pre¬ 
dicted  turbine  performance  to  calculate  the  turbine  part- load  range  avail¬ 
able  during  hot  testing  (shown  in  Figure  37). 
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TASK  3  -  STRUCTURAL  AND  MECHANICAL  DESIGN 


OBJECTIVE 


The  objective  of  this  task  was  to  evolve  a  hot  turbine  design  that  is 
mechanically  feasible  and  structurally  adequate  to  achieve  the  turbine 
operational  goals. 

Task  activity  was  concentrated  in  two  main  categories: 

1.  Mechanical  design  of  hot  section 

2.  Mechanical  design  and  structural  analyses  of  rotor,  nozzles, 
backplate,  and  shroud. 

The  hot  section  is  defined  roughly  as  the  area  from  the  nozzle  vane  inlr t 
to  the  turbine  exhaust,  including  the  exhaust  center  body.  In  the  axial 
direction,  the  hot  section  encompasses  the  turbine  rotor,  nozzles,  back- 
plate,  and  shroud,  their  respective  cooling  air  passages,  and  all  attach¬ 
ments  involving  hot  parts.  The  mechanical  design  of  the  rest  of  the  test 
rig  was  furnished  by  the  contractor. 

STRESS  ANALYSIS 


Extensive  stress  analyses  were  required  on  four  parts:  the  turbine  rotor, 
nozzles,  shroud,  and  backplate.  Of  these  four  parts,  the  nozzles,  shroud, 
and  backplate  are  primarily  structural  nonrotating  members  subject  only  to 
static  loads  and  thermal  gradients.  Conventional  stress  analyses  are 
sufficient  to  design  these  parts.  The  rotor,  however,  is  a  highly  stressed 
rotating  member,  and  the  design  criteria  for  this  part  might  be  less  well 
established  than  design  criteria  for  the  static  parts.  The  following 
paragraphs  describe  the  procedure  followed  in  the  structural  design  of  the 
USAAVLABS  rotor. 

The  structural  design  of  the  rotor  is  initiated  by  calculating  the  thick¬ 
ness  distributions  of  two  random  blade  sections,  shown  in  Figure  38  as 
sections  A  and  B. 

Each  of  the  two  reference  sections  is  first  designed  as  an  independent 
strip  element.  The  radial  variation  of  metal  temperature  and  the  corres¬ 
ponding  allowable  stress  criteria  for  the  strip  are  known  from  heat  trans¬ 
fer  analyses  and  material  property  data.  The  tip  of  the  element  must  have 
a  certain  minimum  thickness  and  minimum  taper  angle  for  manufacturing  rea¬ 
sons.  This  taper  angle  is  continued  radially  inward  (Figure  39)  until  the 
allowable  stress  is  reached.  In  the  design  of  the  USAAVLABS  rotor,  the 
allowable  stress  in  the  hub  was  defined  as  the  ultimate  tensile  strength; 
in  the  blades,  the  allowable  stress  was  defined  as  the  lower  value  of  ei¬ 
ther  (1)  ultimate  tensile  strength  divided  by  1.3  squared  (corresponding 
to  a  design  overspeed  of  307.)  or  (2)  the  stress  that  gives  1%  creep  in 


100  hours.  At  lower  metal  temperatures,  it  is  the  former  value  that  de¬ 
termines  the  allowable  stress,  and  at  higher  metal  temperatures  (roughly, 
above  1400°F)  it  is  the  latter  value  that  determines  the  allowable  stress. 

The  radial  location  where  the  allowable  stress  first  occurs  is  defined  as 
the  transition  point  between  the  tip  portion  of  the  element  and  the 
hub  portion,  which  has  a  thickness  distribution  that  keeps  the  blade 
stress  always  within  the  maximum  allowable.  The  thickness  distribution 
of  the  hub  portion  is  described  by  a  polynomial  of  the  form: 

T  =  a  +  b-z  +  c-z^  +  d-z^  (1) 

The  transition  points  of  the  two  reference  sections  can  be  joined  by  any 
arbitrary  curve  (Figure  40)  that  describes  the  locus  of  transition  points 
of  all  interpolated  and  extrapolated  sections.  In  the  structural  design 
of  the  USAAVLABS  turbine  rotor,  a  parabola  was  used  to  join  the  transition 
points  of  the  radial  sections.  Each  interpolated  (and  extrapolated)  section 
has  its  thickness  distribution  below  the  transition  point  described  by  a 
polynomial  which  has  coefficients  obtained  by  linear  interpolation  between 
(or  extrapolation  from)  coefficients  of  the  reference  sections.  For  in¬ 
stance,  in  Figure  40,  the  thickness  T  at  the  transition  point  of  section  C 
is : 

TC  =  aC  +  bCZ  +  CCZ^  +  dcz3  (2) 


where  the  coefficients  ac,  b^,,  c  ,  etc.  are  obtained  by  linear  interpolation 
of  the  similar  coefficients  in  sections  A  and  B  as: 


a 


C 


(C-B) 

(A-B) 


aA  + 


(A-C) 

(A-B)  B 


(3) 


The  rotor  blade  design  thus  consists  of  (1)  choosing  the  reference  planes 
A  and  B,  (2)  choosing  the  shape  of  the  transition  point  locus  curve,  (3) 
calculating  the  complete  blade  thickness  distribution,  and  then  (4)  carry 
ing  out  a  complete  two-dimensional  stress  analysis.  Depending  on  the  re¬ 
sults  of  this  analysis,  either  the  reference  plane  location  or  the  locus 
of  transition  points  is  modified  and  the  process  is  repeated  until  the 
blade  stress  distribution  is  satisfactory. 


MATERIAL  SELECTION 


The  material  originally  selected  for  the  turbine  rotor,  shroud,  and  back- 
plate  was  IN  100  (PWA  658),  and  that  selected  for  the  nozzle  was  WI52  (PWA 
653).  PWA  658  is  a  cast  nickel-base  alloy  with  excellent  high-tempera- 
ture  properties.  Figures  41  and  42  show  the  minimum  properties  for  PWA  658; 
these  properties  were  used  in  determining  the  allowable  stress  for  the  cast 
parts.  PWA  653  is  a  cast  cobalt-base  alloy  that  is  used  in  nonrotating 
parts.  It  was  originally  selected  as  the  vane  material  to  take  advantage 
of  its  high  melting  temperature  (nearly  100°F  higher  than  PWA  658).  Fig¬ 
ure  43  compares  the  melting  points,  yield  strengths,  and  150-hour 
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stress-rupture  properties  of  PWA  658  and  PWA  653.  During  the  vane  stress 
analysis,  it  became  obvious  that  the  stresses  in  the  nozzle  vane  were  too 
high  for  PWA  653;  the  vane  material  was  changed  to  PWA  658. 

MECHANICAL  DESIGN  HISTORY 

Preliminary  Design 

Figure  44  shows  the  initial  configuration  of  the  hot  section,  designated 
as  the  first-iteration  mechanical  design.  This  mechanical  design  was  based 
on  preliminary  nozzle  and  rotor  analyses,  and  earlier  engine  design  studies. 
The  rotor  cooling  configuration  was  a  one-pass  design  with  tip  ejection. 

The  backplate  was  formed  by  three  concentric  sections  which  could  accom¬ 
modate  an  expected  high  thermal  gradient  in  the  radial  direction.  Leading- 
edge  impingement  cooling  without  the  use  of  an  impingement  tube  was  a 
unique  feature  of  this  configuration.  This  was  possible  because  of  the 
unusually  short  vane  span  (only  0.250  inches  in  this  configuration).  In 
this  design,  the  backplate  and  shroud  cooling  air  was  taken  from  the  air 
that  flowed  axially  along  the  burner  Inner  Diameter  (ID)  . 

Second- Iteration  Mechanical  Design 

The  second-iteration  mechanical  design  is  shown  in  Figure  45.  In  this  de¬ 
sign  the  nozzle  leading  edge  was  cooled  by  injection  of  cooling  air  from 
the  rear  shroud  into  the  vane  cavity  by  a  small  impingement  tube  welded 
into  the  nozzle  vane  casting.  The  addition  of  the  impingement  tube  was 
required  when  the  vane  span  increased  from  0.250  inches  in  the  first- 
iteration  design  to  0.339  inches  in  this  design.  The  vane  span  increase 
was  required  to  maintain  the  design  air  flowrate  (5.0  pounds  per  second) 
when  the  nozzle  angle  increased  from  70  degrees  (in  the  preliminary  design) 
to  75  degrees  (in  this  design).  Because  there  are  no  experimental  data  on 
the  span  limitations  of  the  previous  cooling  configuration,  the  better- 
known  impingement  tube  design  (for  which  data  exist)  was  adopted.  This 
impingement  tube  had  a  series  of  small  holes  that  directed  the  cooling  air 
onto  the  inner  surface  of  the  vane  leading  euge .  The  air  then  passed 
around  the  outside  of  the  tube  and  exhausted  through  a  slot  adjacent  to 
the  trailing  edge,  as  in  the  previous  design.  From  a  fabrication  stand¬ 
point,  this  approach  to  cooling  the  nozzle  vane  facilitated  production  of 
>  the  nozzle  casting  because  the  core  of  the  vane  was  open  on  one  side.  This 

would  permit  more  accuracy  in  positioning  the  ceramic  core  used  in  the  pro¬ 
duction  of  the  hollow  nozzle  vane. 

In  this  and  all  succeeding  designs,  the  cooling  air  is  taken  from  an  area 
ahead  of  the  combustion  chamber  to  obtain  cooler  initial  temperatures. 

Cooling  air  from  the  front  shroud  was  directed  to  the  mid-chord  region  of 
the  nozzle  vanes,  where  it  mixed  with  the  air  from  the  impingement  tube. 

The  combined  airstream  then  exhausted  near  the  vane  trailing  edge. 
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Third-Iteration  Mechanical  Design 


The  third-iteration  mechanical  design  (Figure  46)  showed  four  changes  from 
the  previous  configuration.  These  changes  appeared  at  the  turbine  back- 
plate,  nozzle  vane  interior,  front  shroud,  and  at  the  turbine  rotor. 

The  first  change  that  is  noted  in  Figure  46  is  the  one-piece  backplate  that 
replaced  the  more  complicated  three-piece  backplate  shown  in  earlier  de¬ 
signs.  A  preliminary  heat  transfer  assessment  had  indicated  that  the  ther¬ 
mal  gradient  in  the  aircooled  backplate  was  not  as  severe  as  originally 
anticipated,  and  that  the  segmented  backplate  (that  allows  for  more  differ¬ 
ential  thermal  growth)  would  not  be  required. 

The  second  change  to  the  turbine  design  was  the  addition  of  a  hollow  cool¬ 
ing-air  deflector  inside  the  nozzle  vanes.  Figure  46  shows  this  cooling- 
air  deflector  located  just  downstream  of  the  impingement  tube.  This  de¬ 
flector  was  a  sheet  metal  part  that  increased  the  velocity  of  the  cooling 
air  passing  between  the  nozzle  vane  inner  surface  and  the  deflector  outer 
surface.  Increased  cooling-air  velocity  in  this  region  promotes  better 
convective  cooling  of  the  nozzle  vane.  The  deflector  also  provided  an  out¬ 
let  for  the  front  shroud  cooling  air,  which  exhausted  at  the  deflector  trail¬ 
ing  edge. 

The  third  change  to  the  turbine  design  was  the  addition  of  a  piston  that  is 
rigidly  attached  to  the  downstream  end  of  the  front  shroud.  This  was  the 
result  of  a  stress  analysis  (see  Figure  47)  of  the  second-iteration  design 
that  indicated  high  shroud  stresses  in  the  rotor  tip  region.  To  reduce 
these  stresses,  the  piston  was  exposed  to  atmospheric  pressure  on  the  down¬ 
stream  side  and  cooling-air  supply  pressure  on  the  upstream  side.  This 
pressure  differential  resulted  in  an  axial  force  on  the  shroud  that  re¬ 
duced  the  shroud  deflection. 

The  fourth  change  shown  in  Figure  46  was  the  addition  of  rotor  balance 
rings.  The  balancing  problem  with  radial  turbine  rotors  is  relatively 
severe  because  of  the  large  rotor  mass  and  the  lack  of  balancing  locations 
at  a  large  radius.  In  this  instance,  a  balance  ring  can  be  effective  be¬ 
cause  weights  can  be  added  to  the  ring  on  the  light  side  of  the  rotor  and 
metal  can  be  removed  from  the  ring  on  the  heavy  side. 

Fourth -Iteration  Mechanical  Design 

In  the  fourth-iteration  mechanical  design  (Figure  48),  the  backplate  and 
shroud  designs  were  simplified  as  much  as  possible.  The  backplate  was  a 
one-piece  disk  of  constant  thickness,  with  constant-depth  fins  covering 
the  OD  portion.  The  shroud  was  also  a  one-piece  design  with  a  constant 
thickness,  but  with  tapered  fins  covering  the  OD  portion.  These  basic  de¬ 
signs  have  not  been  changed  in  the  Phase  I  final  configuration. 


The  backplate  (shown  in  Figure  49)  was  designed  as  a  PWA  658  casting  of 
constant  0.15 -inch  thickness  from  2.10-  to  3.92-inch  radius.  It  has  280 
fins  0.017-inch  high  with  constant-width  0.040-inch  slots  extending  from 
3.30-  to  3.92-inch  radius  on  the  cool-side  surface.  The  backplate  is  coated 
on  the  hot  side  with  PWA  58  (an  aluminum- tungsten  coating)  or  a  similar 

*  coating.  A  cover  plate  maintains  a  0.020-inch  deep  cooling  air  passage 

from  2.70-inch  radius  to  the  outer  radius.  Cooling  air  is  fed  through  four 
sets  of  circumferentially  located  holes. 

The  backplate  is  supported  at  both  the  OD  and  the  ID.  The  ID  support  is 
designed  to  give  nearly  zero  axial  deflection  of  the  plate  ID  with  respect 
to  the  OD.  The  resulting  axial  forces  are  2880  pounds  at  3.92-inch  radius 
and  2890  pounds  at  2.10-inch  radius.  No  radial  forces  or  bending  moments 
should  be  transmitted  at  the  backplate-vane  platform  junction.  A  convo¬ 
lution  was  added  to  the  backplate  cover  at  2.80-inch  radius  to  accommodate 
radial  expansion.  The  structure  supporting  the  ID  of  the  backplate  was 
also  modified  to  provide  a  better  seal  between  the  rotor  cooling  air  and 
the  backplate  cooling  air. 

The  shroud  (shown  in  Figure  50)  was  also  designed  as  a  PWA  658  cashing,  of 
constant  0.15-inch  thickness  that  is  profiled  from  2.40-  to  3.92-inch  radius 
and  coated  on  the  hot  side  with  PWA  58  or  a  similar  coating.  Three  hundred 
tapered  radial  fins  extend  from  3.26-inch  radius  (0.040-inch  high)  to  3.92- 
inch  radius  (0.020-inch  high).  Slots  between  the  fins  are  a  constant 
0.040 -inch  width. 

The  shroud  cover  plate,  which  forms  the  cooling  air  passage,  sits  on 
cont rolled-height  lands.  The  cover  plate  extends  from  2. 50- inch  radius 
to  3.92-inch  radius. where  it  is  extended  in  an  axial  direction  to  deliver 
the  shroud  cooling  air  to  the  vanes. 

The  shroud  is  supported  at  the  OD  by  the  vane  platform  and  at  the  ID  by  a 
pistou-like  arrangement.  The  calculated  axial  forces  are  2100  pounds  at 
3.92-inch  radius  and  2540  pounds  at  2.40-inch  radius.  No  radial  forces  or 
bending  moments  will  be  transmitted  at  the  shroud-vane  platform  junction. 

Fifth-Iteration  Mechanical  Design 

>  Progressive  refinement  of  the  turbine  design  resulted  in  the  fifth-iteration 

mechanical  design  shown  in  Figure  51.  In  this  configuration,  entry  duct 
attachment  to  the  nozzle  was  modified  to  obtain  better  control  of  film 
cooling  air  entering  at  that  point.  The  previous  series  of  dogs  on  the 
nozzle  casting  and  mating  slots  in  the  entry  duct  ws"  eliminated.  The 
entry  duct  was  located  by  two  circumferential  grooves,  the  depth  of  groove 
being  designed  to  seal  on  the  sheet  metal  duct  ID  when  differential  ex¬ 
pansion  takes  place. 

Another  change  in  the  fifth-iteration  structural  design  simplified  the 
nozzle  design  shown  in  the  previous  configurations.  An  enlarged  sketch 
of  the  vanes  is  presented  in  Figure  52.  A  single  impingement  tube  re¬ 
ceives  an  equal  amount  of  cooling  air  from  both  ends,  and  the  second  insert 
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(called  a  deflector)  of  previous  designs  was  deleted.  The  vane  platforms 
received  additional  film  cooling  from  circumferential  slots  in  the  plat¬ 
forms. 

Detailed  studies  of  the  rotor  cooling  system  of  the  fourth-iteration  design 
showed  that  there  was  a  high  differential  pressure  existing  across  the  laby-  ’ 

rinth  seal  on  the  rear  balancing  ring.  To  overcome  this  problem,  the  rotor 
cooling  air  in  the  fifth-iteration  design  was  introduced  through  the  center 
of  the  rotor  from  a  downstream  direction  and  into  the  blades  by  a  series  of 
slots  in  the  mounting  flange.  This  change  in  the  rotor  cooling-air  config¬ 
uration  required  the  addition  of  an  exhaust  fairing  with  cooling  air  being 
introduced  through  one  of  the  supporting  struts,  and  a  carbon  face  seal  in¬ 
stalled  at  the  rotor  downstream  face.  The  small  anticipated  air  leak  past 
the  carbon  seal  combines  with  air  from  the  downstream  side  of  the  rotor  and 
exhausts  through  another  one  of  the  struts. 

Sixth-Iteration  Mechanical  Design 

Figure  53  shows  the  sixth-iteration  mechanical  design.  This  design  differs 
from  the  previous  configurations  in  two  areas:  the  rotor  attachment  flange 
was  redesigned,  and  the  carbon  face  seal  of  the  previous  design  was  re¬ 
placed  by  a  "controlled  gap"  carbon  seal  that  has  a  lower  (one-half)  rubbing 
velocity  than  the  face  seal.  However,  this  rotor  attachment  design  failed 
to  match  the  centrifugal  and  thermal  growths  of  the  shaft  and  rotor,  and 
had  to  be  abandoned  in  favor  of  the  seventh-iteration  mechanical  design, 
which  eliminated  the  troublesome  scaling  problem. 

Seventh-Iteration  Mechanical  Design 

In  the  seventh-iteration  design  (F if  are  54),  the  problem  of  the  rotor-shaft 
attachment  was  eliminated  by  a  modification  to  the  rotor  cooling-air  deliv¬ 
ery  system.  The  rotor  cooling  ait  was  introduced  into  the  rotor  at  the 
downstream  end  by  a  series  of  machined  holes  that  intersect  the  cored  pas¬ 
sages  in  the  rotor;  a  matched  sh^ft/roror  seal  was  no  longer  required.  To 
ensure  proper  intersection  of  the  cooling-air  inlet  passages,  the  cored 
passage  in  the  blade  was  increased  in  cross-sectional  area  at  the  point  of 
intersection  (see  rotor  section  ?t  Station  1.20  in  Figure  54). 

This  configuration  also  used  the  two-pass  rotor  cooling  design  for  the  first  * 

time  in  the  succession  of  mechanical  designs.  The  adoption  of  the  two-pass 
design  in  preference  to  the  single -pass  cooling  design  was  the  aggregate  re¬ 
sult  of  heat  transfer  analyses,  aerodynamic  studies,  and  cold-flow  tests 
(see  discussions  of  the  two-pass  design  under  sections  entitled  Heat  Trans¬ 
fer  Analysis  and  Cold-Flow  Tests). 

Eighth-Iteration  (Phase  I  -  Final)  Mechanical  Design 

During  the  eighth  and  final  iteration,  the  mechanical  configuration  showed 
minor  modifications  in  five  areas:  (1)  rotor  cooling  system,  (2)  backplate, 

(3)  shroud,  (4)  exhaust  duct  and  exhaust  fairing,  and  (5)  carbon  ring  seal 
mounting.  The  Phase  I  final  mechanical  design  is  shown  in  Figure  55. 
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The  rotor  cooling  passage  has  the  enlarged  section  (at  intersection  of 
drilled  holes)  relocated  at  a  smaller  diameter.  This  change  was  required 
to  increase  the  wall  thickness  between  the  core  and  the  primary  gas  passage. 

The  backplate  and  the  shroud  have  increased  outside  diameters.  This  ensures 
that  the  pressure  load  is  applied  within  the  vane  area  rather  than  down¬ 
stream  of  the  vane  trailing  edge  where  there  is  no  spanwise  support.  In 
addition,  the  shroud  has  been  extended  in  the  downstream  direction  to  ease 
a  stress  problem  in  mounting  the  exhaust  duct  to  the  rig  outer  casing. 

The  exhaust  duct  has  a  redesigned  attachment  flange  and  an  elongated  ex¬ 
haust  fairing  or  center  body.  The  center  body  was  elongated  to  reestablish 
adequate  spacing  between  the  traversing  probes  and  the  exhaust  struts. 

Inside  the  exhaust  fairing,  the  method  of  mounting  the  controlled  gap  carbon 
seal  was  modified  to  facilitate  the  fabrication  of  the  exhaust  duct  center 
body  and  the  cooling  air  passage  in  this  region.  Also,  the  carbon  ring 
cross  section  was  modified  in  accordance  with  the  manufacturer's  recom¬ 
mendation. 

RESULTS  OF  STRUCTURAL  ANALYSES 


This  section  presents  the  results  of  detailed  structural  analyses  on  the 
four  most  critical  members  designed  under  the  contract:  (1)  the  nozzles, 

(2)  the  rotor,  (3)  the  backplate,  and  (4)  the  shroud.  All  data  presented 
in  this  section  are  applicable  to  the  Phase  I  final  configurations. 

Temperature  distributions  for  the  backplate  and  shroud  were  calculated 
under  this  task  and  therefore  are  presented  in  this  section;  the  temper¬ 
ature  distributions  for  the  nozzles  and  the  rotor  are  presented  in  Task  4  - 
Heat  Transfer  Analysis. 

TURBINE  NOZZLES 


The  calculated  stresses  for  the  nozzle  vane  assembly  are  shown  in  Figure  56. 
The  effective  stress  shown  at  the  inside  diameter  of  the  inner  platform 
just  satisfies  the  300-hour  stress-rupture  criteria.  In  the  other  loca¬ 
tions,  the  effective  stress  is  well  below  the  maximum  allowable  stress. 

In  Phase  II,  stress  analysis  of  the  vane  will  continue  with  the  objective 
of  reducing  the  effective  stress  at  the  inner  platform  ID  and  optimizing 
the  stress  distribution  throughout  the  vane  assembly. 

TURBINE  ROTOR 


The  Phase  I  final  blade  thickness  distribution  for  the  double-pass  rotor 
is  presented  in  Figure  57.  The  corresponding  steady-state  stress  distri¬ 
butions  are  shown  in  Figure  58  (for  design  point),  and  Figure  59  shows  the 
ratio  of  effective  stress  to  allowable  stress  in  the  rotor  at  a  130%  over¬ 
speed  condition. 


BACKPLATE 


The  temperature  distributions  and  the  corresponding  stresses  in  the  back- 
plate  are  shown  in  Figures  60  and  61.  It  should  be  noted  that  the  tangen¬ 
tial  stress  shown  in  Figure  61  does  not  quite  meet  the  300-hour  stress- 
rupture  criteria  at  the  outer  radius.  However,  the  magnitude  of  this  dis¬ 
crepancy  is  small  and  the  design  is  adequate  for  a  preliminary  design.  In 
the  Phase  II  detailed  design,  the  backplate  design  will  be  refined  to  cor¬ 
rect  this  condition. 

SHROUD 


The  metal  temperatures  and  differential  pressures  acting  on  the  shroud  at 
the  design  point  are  presented  in  Figure  62.  The  stress  distribution 
corresponding  to  these  conditions  is  shown  in  Figure  63.  In  this  part, 
the  maximum  stresses  meet  the  300-hour  stress-rupture  criteria  through¬ 
out  . 


TASK  4  -  HEAT  TRANSFER  ANALYSIS 


OBJECTIVE 

Analyses  under  this  task  were  concentrated  in  two  areas: 

1.  High- temperature  nozzles 

2.  High-temperature  rotor 

In  both  of  these  areas,  it  was  the  objective  of  the  heat  transfer  analyses 
to  evolve  a  simple  yet  effective  cooling  design  that  would  meet  the  re¬ 
quirements  of  both  aerodynamic  and  stress  analysis. 

Because  heat  transfer  analyses  constituted  a  basic  portion  of  the  aerody- 
namic-structural-heat  transfer  design  iteration,  both  the  nozzle  and  the 
rotor  cooling  configurations  experienced  a  progressive  development.  Follow¬ 
ing  is  a  description  of  the  evolution  of  the  Phase  I  final  configurations. 

GENERAL 


Calculation  of  the  heat  transfer  characteristics  of  cooled  turbine  airfoils 
requires  complex  analysis  aided  by  empirical  input  from  experimental  data. 

An  accurate  knowledge  of  internal  and  external  heat  transfer  coefficients 
is  important  in  establishing  an  efficient  cooling  design.  The  system  that 
wis  used  to  design  the  cooled  airfoils  for  the  USAAVLABS  turbine  is  the  re- 
•ut  of  established  analytical  procedures  and  experimental  data  accumulated 
through  many  years  of  testing  air-cooled  engine  components.  Pertinent  fac¬ 
tors  considered  in  the  design  analysis  and  the  method  used  to  calculate 
metal  temperatures  are  presented  in  the  following  paragraphs:  t 

HEAT  TRANSFER  DESIGN  PHILOSOPHY  AND  ASSUMPTIONS 


Airfoil  metal  temperatures  were  determined  by  the  classical  relations  for 
convective  heat  transfer.  However,  the  calculated  metal  temperatures  are 
influenced  by  the  boundary  layer  assumptions  that  are  used  to  calculate 
film  coefficients,  and  the  assumptions  used  in  the  analysis  deserve  more 
detailed  description. 

In  the  vane  heat  transfer  calculations,  the  internal  boundary  layer  was 
assumed  to  be  fully  turbulent.  The  external  boundary  layer  was  assumed 
to  be  laminar  over  a  region  of  120  degrees  (60  degrees  in  both  directions 
from  the  inlet  stagnation  streamline).  The  remainder  of  the  external 
boundary  layer  was  assumed  to  be  fully  turbulent. 

In  the  rotor  heat  transfer  calculations,  the  internal  boundary  layer  was 
assumed  to  be  fully  turbulent.  On  the  external  sides  of  the  blades,  the 
boundary  layer  was  assumed  to  be  laminar  for  0.100  inch  downstream  of  the 
stagnation  streamline.  Downstream  of  this  point,  the  boundary  layer  was 
assumed  to  be  in  a  transition  state  until  a  Reynolds  number  of  7.5  x  10^ 
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was  reached,  at  which  point  the  boundary  layer  was  assumed  to  be  fully 
turbulent.  The  analysis  was  based  on  work  published  by  G.  S.  Ambrok.* 

Film  cooling  introduces  a  secondary  airstream  which  alters  the  normal 
behavior  of  the  boundary  layer;  film  cooling  is  used  on  both  the  vanes  and 
the  rotor  in  the  USAAVLABS  design.  The  altered  boundary  layer  is  not  well 
defined  analytically,  and  in  these  analyses,  a  previously-generated  data 
corrrelation  was  used  to  predict  the  effect  of  the  secondary  airstream. 

Thermal  stresses  are  minimized  by  reducing  thermal  gradients  in  the  airfoil 
surface.  This  is  accomplished  by  matching  the  coolant  distribution  and 
internal  heat  transfer  coefficients  with  the  external  heat  flux  distribution 
to  achieve  the  desired  metal  temperatures. 

NOZZLE  COOLING  DESIGNS 


Preliminary  Nozzle  Cooling  Design 

originally  conceived, 
cool  the  vane.  The 
the  midchord  region 
the  vane  trailing  edge 
this  configuration  with 

1.57.  cooling  air  are  shown  in  Figure  65. 


Figure  64  shows  the  nozzle  cooling  configuration  as 
This  design  used  three  forced  convection  schemes  to 
leading  edge  was  cooled  by  two  impingement  streams, 
used  pedestals  for  improved  convective  .  'ing,  and 
was  film  cooled.  Calculated  metal  temperatures  for 


First-Iteration  Nozzle  Cooling  Design 

The  first-iteration  nozzle  cooling  design  is  presented  in  Figure  66.  Com¬ 
pared  to  the  original  configuration,  the  nozzle  design  was  simplified  by 
reducing  the  number  of  pedestal  rows  from  seven  to  three. 


As  part  of  the  initial  heat  transfer  analysis,  the  cooling  air  required 
for  the  shroud  and  backplate  was  calculated.  This  analysis  showed  that 
3'4  airflow  would  be  required  for  each,  or  that  a  total  of  6 °L  airflow  would 
be  required  for  both.  Since  there  was  appreciable  cooling  air  pressure 
loss  across  the  shroud  and  backplate,  it  was  not  feasible  to  exhaust  the 
cooling  air  to  the  high-pressure  region  ahead  of  the  nozzle  vanes.  A  more 
logical  location  for  the  shroud  cooling  air  exhaust,  which  was  chosen  for 
the  first-iteration  nozzle  heat  transfer  design,  is  near  the  vane  trailing 
edge  where  the  static  pressure  is  reduced.  With  this  flowpath,  the  shroud 
coolant  can  also  be  used  to  cool  tbj  nozzle  vane  without  additional  nozzle 
coolant.  However,  this  flowpath  increases  the  temperature  of  the  cooling 


♦ 


’'"Approximate  Solution  of  Equations  for  the  Thermal  Boundary  Layer  With 
Variations  in  Boundary  Layer  Structure,"  By  G.  S.  Ambrok,  Soviet  Physics, 
Technical  Physics,  Volume  II,  No.  9,  1957. 
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air  entering  the  vanes.  Since  it  was  desirable  to  obtain  the  cooling  air 
from  the  coolest  possible  location,  the  shroud/backplate  cooling  air  in 
this  and  all  later  configurations  was  taken  directly  from  the  compressor 
discharge,  bypassing  the  combustion  chamber.  The  estimated  metal  tempera¬ 
ture  distributions  for  this  design  are  shown  in  Figure  67. 

Second-Iteration  Nozzle  Cooling  Design 

Figure  68  shows  the  second-iteration  nozzle  cooling  design  which  differs 
from  the  previous  design  in  two  respects;  an  impingement  tube  has  been 
added,  and  the  trailing  edge  pedestals  have  been  removed. 

The  impingement  tube  is  used  instead  of  the  drilled  holes  shown  in  the 
previous  design  for  two  reasons:  the  vane  span  was  increased  from  0.250 
inch  to  0.339  inch,  and  the  inlet  temperature  of  the  vane  coolant  was  in¬ 
creased  from  875°F  in  the  original  design  to  1050°F  with  the  new  coolant 
gas  path.  The  increased  span  reduces  the  effectiveness  of  the  former  de¬ 
sign  because  it  requires  a  longer  distance  between  impingement  streams  and 
possibly  a  less-effective  impingement  angle.  The  higher  coolant  temperature 
reduces  the  heat  transfer  capacity  of  the  cooling  air,  and  makes  the  more 
efficient  normal  (i.e.,  90-degree)  impingement  angle  desirable. 

The  pedestals  in  the  trailing-edge  region  were  removed  in  the  second-iter¬ 
ation  design  because  the  6%  airflow  through  the  vanes  did  not  require  in¬ 
creased  turbulence  in  this  region. 

As  previously  stated,  the  6 %  airflow  exhausting  at  the  vane  trailing  edge 
was  more  than  the  1.57,  required  to  cool  the  airfoil  alone;  therefore,  the 
originally  planned  trade-off  between  vane  coolant  and  trailing-edge  thick¬ 
ness  was  no  longer  pertinent  to  this  program.  In  this  case,  the  trailing- 
edge  thickness  was  determined  by  the  larger  value  of  either  the  minimum 
fabricable  thickness,  or  the  minimum  thickness  required  to  conduct  the  heat 
from  the  vane  to  the  sidewalls.  According  to  the  casting  vendors  contacted 
during  the  fabrication  study,  the  minimum  thickness  for  a  casting  is  0.020 
to  0.025  inch.  For  heat  transfer  purposes  a  minimum  trailing-edge  thickness 
of  0.040  inch  was  required  to  maintain  acceptable  vane  metal  temperatures 
through  conduction  to  the  sidewalls;  this  value  was  therefore  selected  as 
the  trailing-edge  thickness. 

Before  this  design  was  analyzed  in  detail,  a  different  internal  configura¬ 
tion  was  considered  desirable  (see  third-iteration  nozzle  design)  and  metal 
temperatures  were  not  calculated  for  the  second-iteration  nozzle  configura¬ 
tion  . 

Third-Iteration  Nozzle  Cooling  Design 

A  preliminary  assessment  of  the  second-iteration  vane  design  indicated  that 
another  insert  inside  the  cooled  vane  would  be  desirable.  This  second  in¬ 
sert  would  perform  the  dual  functions  of  (1)  increasing  the  heat  transfer 
in  the  mid-chord  portion  of  the  vane  (by  increasing  the  velocity  of  the 
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cooling  air),  and  (2)  promoting  good  mixing  of  the  shroud  coolant  with  the 
backplate  coolant.  This  two-insert  configuration  was  designated  as  the 
third-iteration  heat  transfer  design,  and  it  is  shown  in  Figure  69.  This 
figure  shows  the  computer-calculated  steady-state  temperatures  for  the  hot 
test  vane  (Tgfls  =  2600°F) .  This  design  showed  a  local  hot  spot  of  2111°F 
on  the  suction  surface  near  the  leading  edge,  and  a  redesign  was  necessary. 

Fourth-Iteration  Nozzle  Cooling  Design 

Figure  70  shows  the  cooling  configuration  that  was  considered  to  be  the 
fourth-iteration  cooling  design.  This  vane  used  cross-flow  impingement 
to  direct  some  of  the  backplate  cooling  air  toward  the  suction  surface 
hot  spot.  However,  preliminary  calculations  indicated  that  this  design 
would  create  an  undesirable  temperature  gradient  in  the  vane  between  the 
two  impingement  streams,  and  a  detailed  analysis  was  not  performed  on  this 
configuration . 

Fifth-Iteration  Nozzle  Cooling  Design 

The  fifth-iteration  heat  transfer  design,  shown  in  Figure  71,  used  a  grid 
of  0.010- inch  diameter  impingement  holes  and  a  spanwise  slot  in  the  forward 
insert  to  smooth  out  the  vane  temperature  gradient  of  the  previous  design. 
Calculated  vane  metal  temperatures  were  acceptable  for  this  fifth  vane 
configuration,  but  an  unacceptable  radial  temperature  gradient  (400°F) 
existed  in  the  vane  platforms. 

Sixth-Iteration  Nozzle  Cooling  Design 

In  the  sixth  heat  transfer  design,  the  thermal  gradient  in  the  platforms 
was  reduced  by  injecting  1.5%  cooling  air  (formerly  used  in  the  downstream 
insert)  through  circumferential  slots  in  each  platform,  as  shown  schemat¬ 
ically  in  Figure  72.  The  sixth-iteration  vane  used  only  a  single  insert 
to  cool  the  leading  edge  because  the  downstream  insert  had  to  be  removed 
to  achieve  platform  cooling.  This  required  the  reinstallation  of  pedestals 
in  the  trailing-edge  region.  Similar  to  the  previous  design,  a  spanwise 
slot  in  the  insert  directed  an  impingement  stream  against  the  vane  leading 
edge,  and  the  grid  of  0.010-inch  diameter  impingement  holes  in  the  insert 
smoothed  out  of  the  temperature  gradient  in  the  vane  suction  surface. 
Calculated  steady-state  metal  temperatures  for  this  vane  are  shown  in 
Figure  73. 

Although  the  vane  metal  temperatures  and  stresses  for  this  configuration 
were  acceptable,  there  was  a  problem  with  the  endwall  effective  stress 
which  exceeded  the  allowable  stress  at  the  inner  radii  (see  Figure  74). 

This  stress  problem  was  the  cumulative  result  of  two  thermal  gradients; 
one  in  the  endwalls,  and  the  other  between  the  endwalls  and  the  vane  itself. 
The  radial  gradient  in  the  endwall  was  the  result  of  overcooling  the  larger 
diameters  (i.e.,  the  inlet  portion)  relative  to  the  smaller  diameters,  which 
induced  high  tangential  compressive  stresses  at  the  inner  diameters.  The 
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axial  thermal  gradient  between  the  endwalls  and  the  vane  was  the  result  of 
the  endwalls  operating  at  lower  temperatures  than  the  vane,  which  induced 
shear  stresses  at  the  vane/endwall  junction. 

Seventh-Iteration  Nozzle  Cooling  Design  (Phase  I  Final  Configuration) 

In  the  seventh  (and  final)  nozzle  cooling  design,  the  thermal  gradients  of 
the  previous  design  have  been  decreased  to  a  tolerable  level.  Figure  75 
shows  schematically  how  this  was  accomplished.  The  circumferential  slots 
that  formerly  exhausted  3 °L  cooling  air  were  eliminated,  allowing  the  down¬ 
stream  portion  of  the  endwalls  to  operate  at  higher  metal  temperatures.  At 
the  same  time,  heat  shields  were  attached  to  the  upstream  portion  of  the 
endwalls.  The  heat  shields  insulate  the  endwalls  from  the  cooling  air  films 
ejected  ahead  of  the  nozzle  vane  inlet,  thus  raising  metal  temperatures  in 
this  portion  of  the  endwalls. 

With  this  endwall  design,  it  was  necessary  to  find  another  way  to  pass  the 
3%  cooling  air  that  was  formerly  exhausted  through  the  circumferential  slots 
into  the  main  gas  stream.  The  simplest  solution  would  be  to  double  the 
flow  area  of  the  vane  trailing-edge  slot  on  the  pressure  surface  and  exhaust 
all  of  the  6 °L  cooling  air  through  this  slot.  However,  aerodynamics  and  the 
required  wall  thickness  limited  the  increase  in  slot  opening  to  about  307=, 
which  will  pass  47=  cooling-air  flow. 

The  remaining  27=  cooling  air  (total  of  67=  still  required  for  backplate  and 
shroud)  will  now  be  exhausted  through  a  second  slot  that  is  on  the  vare 
suction  surface  upstream  of  the  throat,  as  shown  in  Figure  76.  Downstream 
of  the  injection  point,  the  flow  is  accelerating,  and  the  cooling-air  film 
is  expected  to  remain  attached  to  the  vane  all  the  way  to  the  trailing  edge. 
This  minimizes  aerodynamic  losses  and  reduces  the  trailing-edge  metal  tem¬ 
peratures  significantly.  Figure  76  also  shows  the  vane  midspan  temperatures 
with  the  corresponding  local  endwall  temperatures.  These  temperatures 
correspond  to  2300°r  at  the  nozzle  vane  inlet.  In  the  case  of  a  2600°F  hot 
spot,  the  vane  midspan  temperatures  will  increase  by  approximately  100°F, 
and  the  endwall  temperatures  will  increase  by  approximately  30°F. 

The  final  temperature  and  stress  distributions  for  the  nozzle  endwalls  are 
presented  in  Figure  77. 

ROTOR  COOLING  DESIGNS 


Original  Rotor  Cooling  Design 

The  original  rotor  cooling  design  is  shown  in  Figure  78.  This  configura¬ 
tion,  referred  to  as  the  single-pass  design,  had  the  cooling-air  inlet  near 
the  OD  of  the  hub  on  the  backface.  The  cooling  air  passed  through  the  blade 
and  exhausted  at  the  rotor  tip  (i.e.,  at  the  leading  edge).  Pedestals  in¬ 
side  the  cooling  passage  increased  the  effectiveness  of  the  convective  heat 
transfer  system;  calculated  metal  temperatures  are  presented  in  Figure  79. 
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First-Iteration,  Single-Pass  Rotor  Cooling  Design 


The  first-iteration,  single-pass  rotor  cooling  design  (shown  in  Figure  80) 
came  as  a  result  of  an  attempt  to  simplify  the  original  cooling  scheme. 

The  number  of  pedestals  in  the  cooling  passage  was  reduced  from  20  small 
ones  and  4  elongated  ones  to  13  small  pedestals.  Steady-state  temperatures 
calculated  for  3 %  cooling  air  are  shown  in  Figures  81  and  82. 

In  the  early  analyses  of  the  single-pass  rotor,  it  was  assumed  that  the  heat 
transferred  through  the  blade  endwall  (i.e.,  the  backside  of  the  blade)  was 
negligible.  This  assumption  is  valid  at  the  0D  because  the  blade  thickness 
is  small  in  that  region.  However,  at  the  lower  diameters,  the  blade  thick¬ 
ness  at  the  endwall  increases  significantly,  and  the  heat  transferred 
through  this  portion  of  the  blade  is  enough  to  raise  the  previously  calcu¬ 
lated  metal  temperatures  by  approximately  50°F.  This  temperature  increase 
in  the  first-iteration  design  was  unacceptable  from  a  stress  point  of 
view,  and  a  design  modification  was  required  to  restore  lower  rotor 
temperatures . 

Second-Iteration  Single-Pass  Rotor  Cooling  Design 

The  second-iteration  rotor  cooling  design  is  shown  in  Figure  83.  In  this 
configuration,  a  center  rib  was  added  to  the  cooling  passage  to  increase 
cooling-air  velocity  along  the  blade  enciwall.  Coolant  flow  was  increased 
to  3.57,,  with  a  flow  split  of  2.34  along  the  endwall,  and  1.0%  along  the 
shroud  side;  the  flow  was  choked  in  the  two  throat  areas.  Metal  tempera¬ 
tures  (shown  in  Figures  84  and  85)  were  calculated  for  the  assumed  environ¬ 
mental  conditions;  relative  temperature  at  rotor  leading  edge  =  2225°F,  and 
cooling-air  temperature  =  850°F.  The  calculated  metal  temperatures  were 
approximately  35°F  above  the  allowable  limit  in  the  critical  area  of  the 
blade  endwall  near  the  hub.  At  this  point,  the  single-pass  rotor  was 
replaced  by  the  double-pass  rotor  as  the  preferred  design  for  the  USAAVLABS 
cooled  turbine. 

First-Iteration  Double-Pass  Rotor  Cooling  Design 

While  the  single-pass  design  was  being  analyzed  in  detail,  work  was  started 
on  an  alternative  design  called  the  double-pass  (or  two-pass)  cooling  design 
shown  in  Figure  86.  In  this  scheme,  the  blade  passage  is  divided  into  two 
channels,  one  along  the  endwall  and  the  other  along  the  shroud  side  of  the 
blade.  Cooling  air  enters  the  rotor  as  before,  and  flows  along  the  end- 
wall  to  the  closed  tip.  Here  the  cooling  air  is  turned  180  degrees  and 
flows  along  the  shroud  side  of  the  blade.  Cooling  air  ejection  takes  place 
at  a  slot  on  the  suction  surface  near  the  beginning  of  the  exducer  section. 

Figure  87  shows  the  temperature  distribution  for  the  first-iteration  double¬ 
pass  design.  This  analysis,  like  that  for  the  early  single-pass  design, 
assumed  that  endwall  heating  was  negligible;  therefore,  calculated  tempera¬ 
tures  shown  were  low  in  the  endwall  area. 
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Second-Iteration  Double-Pass  Rotor  Design 


When  the  endwjll  heating  effects  were  calculated  for  the  double-pass  design, 
metal  temperatures  became  excessive,  and  the  second-iteration  cooling  de¬ 
sign  was  evolved.  In  this  configuration  (Figure  88)  endwall  cooling  was 
achieved  by  relocating  the  center  rib  closer  to  the  backwall  to  increase 
cooling  air  velocity  in  that  critical  region.  It  was  also  necessary  to 
increase  the  rotor  cooling  airflow  to  3 °L.  This  change  required  that  0.5% 
cooling  air  be  ejected  at  the  tip  to  allow  the  37.  cooling  air  to  pass  along 
the  rear  cavity  (i.e.,  the  forward  cavity  will  choke  when  passing  approx¬ 
imately  2.57o  cooling  air).  This  0.57»  cooling  air  exhausting  at  the  tip 
also  serves  to  reduce  the  high  metal  temperatures  at  the  leading  edge,  and 
it  should  not  significantly  affect  the  main  gas  stream.  This  design  shows 
acceptable  metal  temperatures  at  2225°F  rotor  leading-edge  temperature 
and  850°F  cooling  air  inlet  temperature.  Metal  temperatures  for  this 
configuration  are  presented  in  Figures  89,  90  and  91. 

Third-Iteration  Double-Pass  Design  (Phase  I  Final) 

Figure  92  shows  the  Phase  I  final  rotor  cooling  design,  which  has  been 
designated  as  the  third-iteration,  double-pass  design.  Differences  between 
this  and  the  previous  configuration  stem  mainly  from  manufacturing  consider¬ 
ations  rather  than  heat  transfer  requirements.  During  the  Phase  II  Fabri¬ 
cation  (Task  2)  ,  cooling  passages  will  be  cast  in  the  same  manner  as  before, 
with  core  prints  for  each  blade  at  the  rear  of  the  rotor  at  the  leading 
edge  and  at  the  exducer  exhaust  slot.  After  casting,  the  holes  at  the  rear 
will  be  brazed  closed,  and  plugs  will  be  brazed  into  position  at  the  leading 
edges.  Cooling  air  will  be  introduced  into  the  cooling  passages  that  inter¬ 
sect  the  hollow  core,  from  a  downstream  direction. 

The  final  metal  temperature  distributions  for  the  Phase  I  Final  rotor  con¬ 
figuration  are  presented  in  Figures  93,  94,  and  95. 
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TASK  5  -  FABRICATION  STUDY 


OBJECTIVES 


This  task  involved  work  in  the  following  areas: 

1.  Vendor  contact  and  liaison 

2.  Metallurgical  evaluation 

3.  Vibration  testing 

The  overall  objectives  of  this  task  were  to  establish  the  level  of  diffi¬ 
culty  in  casting  the  turbine  nozzles  and  rotor,  and  to  evaluate  the  material 
properties  that  can  be  anticipated  in  parts  cast  with  present  state -of- the 
art  techniques.  To  accomplish  these  objectives,  leading  investment  casting 
vendors  were  contacted  and  invited  to  submit  sample  parts.  The  sample 
rotors  were  tested  to  establish  both  tensile  and  creep-rupture  properties. 

Although  not  originally  planned  as  part  of  the  fabrication  study,  it  was 
convenient  to  conduct  vibration  tests  under  this  task.  These  tests  deter¬ 
mined  the  natural  frequencies  and  vibration  modes  of  the  turbine  blades. 
These  data  will  be  used  in  the  detail  design  of  the  hot  turbine  (Phase  II). 

SAMPLE  ROTOR  DESIGNS 


In  our  original  approach  to  this  task,  it  was  planned  to  obtain  sample 
nozzle  and  rotor  castings  that  looked  like  the  parts  sketched  in  Figure  96. 
Metallurgical  tests  were  planned  for  the  rotor  only,  since  it  was  the  more 
difficult  part  to  fabricate.  Ideally,  the  sample  rotor  specimen  would  be 
designed  to  have  all  of  the  features  that  could  be  found  in  the  actual 
part,  such  as  cored  "blades"  and  thin  wall  sections.  However,  further  con¬ 
sideration  of  the  program  convinced  us  that  a  more  informative  rotor  study 
could  be  devised  if  an  actual  radial  turbine  rotor  could  be  cast  instead 
of  a  simplified  replica.  This  would  eliminate  any  doubt  as  to  the  applica¬ 
bility  of  the  metallurgical  results.  When  existing  tooling  for  an  11-inch- 
diameter  rotor  was  found  to  be  available  at  one  of  our  other  facilities, 
the  fabrication  study  was  modified  by  the  substitution  of  rotors  cast  with 
this  tooling  for  the  originally  planned  rotor  specimens.  Expansion  of  the 
original  plan  uncovered  problem  areas  that  otherwise  would  have  gone  unde¬ 
tected  . 

METALLURGICAL  PROGRAM 

Three  leading  investment  casting  vendors  (identified  as  Vendors  A,  B,  and 
C)  agreed  to  participate  in  the  fabrication  study  by  submitting  the  follow¬ 
ing  parts: 

•  Two  11-inch-diameter,  14-blacied  rotors,  with  hollow  blade  tips  and 
curved  exducer  blades  (designated  as  parts  Nos.  1  and  2). 
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but 


•  One  11-inch-diameter,  14-bladed  rotor,  with  hollow  blade  tips, 
straight  exducer  blades  (designated  as  part  No.  3). 

•  One  typical  segment  of  a  nozzle  section  having  cooled  vanes  (designated 
as  part  No.  4) . 

All  three  rotors  were  to  be  cast  in  PWA  658  (IN  100),  and  the  vane  segment 
was  requested  in  PWA  653  (WI  52),  the  original  vane  material.  Part  No.  3 
was  cast  with  radial  blades  in  the  exducer  to  facilitate  the  machining  of 
test  specimens  from  that  area  of  the  rotor. 

Structural  tests  were  conducted  in  three  areas  of  the  rotor:  in  the  hub, 
in  the  hub/blade  interface  (or  blade  root),  and  in  the  blades.  These  tests 
consisted  of  two  types,  tensile  and  creep-rupture.  The  tensile  tests  are 
the  conventional  type,  conducted  both  at  room  temperature  and  at  elevated 
temperature.  The  creep-rupture  test  is  essentially  a  creep  test  that  is 
extended  to  failure;  it  yields  the  information  usually  obtained  from  sep¬ 
arate  creep  and  stress  tests.  These  tests  were  conducted  at  elevated  tem¬ 
peratures  (1400°F).  The  first  test  plan  is  shown  in  Table  II. 


i  TABLE  II. 

ORIGINAL  METALLURGICAL  TEST 

PROGRAM 

r  ~  ....  — - 

Specimen  Location 

Test  Type 

Specimen  Orientation 

Hub 

High 

Temperature 

Tensile 

1 

Radial 

1 

Tangential 

- 

High 

Temperature 

Creep-Rupture 

2 

Radial 

2 

Tangential 

Star  Root 

High 

Temperature 

Tensile 

2 

Radial 

- 

High 

Temperature 

Creep-Rupture 

4 

Radial 

Exducer  Root 

High 

Temperature 

Tensile 

2 

Radial 

- 

High 

Temperature 

Creep-Rupture 

2 

Radial 

Star  Tip 

High 

Temperature 

Tens ile 

4 

Radial 

- 

High 

Temperature 

Creep-Rupture 

4 

Radial 

The  specimens  located  at  the  "star  tip"  were  later  deleted  from  the  program 
because  blade  curvature  in  this  area  made  the  machining  of  test  specimens 
difficult.  Figure  97  shows  the  general  locations  of  the  test  specimens 
within  a  sample  rotor. 

The  test  specimens  were  of  two  basic  types:  a  cylindrical  specimen  taken 
from  the  hub  area,  and  a  thin  flat  specimen  taken  from  the  blade  area. 
Figures  98  and  99  define  the  geometry  of  these  two  types  of  specimens. 
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The  tensile  specimens  were  tested  with  a  6C ,000-pound  capacity  Young  Uni¬ 
versal  Testing  Machine,  shown  in  Figure  100,  This  machine  was  equipped  with 
an  autographic  recorder,  strain  pacer,  crosshead  rate  indicator,  load  pacer, 
6-unit  rotary  electric  furnace  with  a  temperature  capability  to  2200°F, 
electronic  temperature  controller,  and  extensometers  for  room  and  elevated 
temperature  testing.  The  creep-rupture  specimens  were  tested  with  a  Satec 
model  JE  testing  machine,  shown  in  Figure  101.  This  machine  has  a  load 
capability  of  12,000  pounds  and  a  temperature  capability  to  2000°F. 

The  remainder  of  Task  5  describes  the  sample  castings  that  were  received 
and  the  results  of  the  test  programs. 

VENDOR  A  RESULTS 


Vendor  A  experienced  some  difficulties  in  casting  the  hollow-bladed  rotors. 
These  difficulties  included: 

•  Failure  to  fill  the  blade  tips  in  the  star  region 

•  Core  breakthrough 

•  Shrinkage  at  the  rear  face  of  the  hub 

On  the  other  hand,  the  grain  structure  throughout  appeared  to  be  excellent. 

Figures  102  through  108  show  the  sample  castings  as  received  from  the  ven¬ 
dor.  Figure  101  is  an  overall  view  of  part  No.  A-l.  The  casting  defi¬ 
ciencies  evident  in  this  photograph  include  core  breakthrough  and  failure 
to  fill  the  blade  tips;  Figures  103  and  104  show  typical  closeups  of  these 
two  types  of  deficiencies.  Figure  105  is  an  overall  view  of  part  No.  A-2, 
which  is  a  rotor  casting  of  the  same  design  as  part  No.  A-l.  The  blade-tip 
fill  problem  seems  to  have  been  solved  in  this  casting  but  core  breakthrough 
is  still  present  as  shown  by  the  closeup  in  Figure  106.  This  figure  also 
shows  columnar  grains  at  the  blade  root  as  contrasted  to  the  equiaxed  grains 
at  the  tip  area.  Columnar  grains  can  give  good  mechanical  properties  in 
the  direction  of  the  major  axis  of  the  grain,  and  columnar  grains  oriented 
radially  would  not  be  objectionable  from  this  standpoint.  If  the  grains 
are  oriented  in  the  axial  direction,  mechanical  strength  would  be  lost  due 
to  stresses  acting  normal  to  the  grain  boundary  which  is  weaker  than  the 
grain  itself,  and  this  is  undesirable. 

Figure  107  is  an  overall  view  of  part  No.  A-3,  which  is  the  flat-bladed 
rotor  used  for  exducer  specimens.  This  part  was  submitted  with  solid  blades 
because  the  vendor  had  used  all  of  his  cores  and  the  core  tooling  was  no 
longer  available  to  him.  Figure  108  shov. .  the  nozzle  vane  segment,  part 
No.  A-4,  which  was  cast  with  vendor-furnished  tooling.  This  part  was  not 
structurally  tested. 
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Vendor  A  Casting  Test  Results 


Results  from  metallurgical  tests  for  the  Vendor  A  castings  are  presented  in 
Table  III.  Some  slight  deviations  from  the  original  test  plan  c.  1  be  noted. 
For  instance,  there  are  extra  specimens  in  the  star  root  and  hub/uangential 
categories;  and  in  the  exducer  root  series  only  one  of  the  two  tensile  tests 
was  accomplished  at  high  temperatures.  The  temperature  deviation  is  insig¬ 
nificant  because  these  and  later  tests  showed  no  difference  between  room 
temperature  and  1400°F  tensile  properties. 

In  general,  the  results  shown  in  Table  III  indicate  that  both  tensile  and 
creep-rupture  properties  are  low;  ductility  in  both  cases  was  also  low. 

The  average  elongations  were  3.7%  in  tension  and  1%  in  creep-rupture,  as 
compared  to  5%  and  2%  respectively  that  is  required  for  PWA  658. 

VENDOR  C  RESULTS 


Figures  109  through  114  show  the  castings  submitted  by  Vendor  C.  These 
castings  presented  a  better  overall  appearance  than  the  Vendor  A  castings; 
only  a  slight  tip-fill  problem  is  evident  and  some  porosity  in  the  blades 
was  observed.  Gross  shrinkage  was  not  observed  in  the  hub  area,  and  core 
alignment  was  good  (Figure  110).  Grain  size  in  the  hub  and  blades  was 
generally  fine  and  equiaxed  (Figures  111,  112,  113),  although  some  colum¬ 
nar  formation  was  observed  near  the  blade  root. 

Vendor  C  Specimen  Tests 

Vendor  C  metallurgical  tests  were  approximately  one-half  completed  at  the 
time  Vendor  A  results  were  being  analyzed.  Two  of  the  Vendor  A  specimens 
that  had  previously  been  rejected  from  X-ray  inspection  were  etched  and 
examined.  Figures  115  and  116  show  that  the  specimens  were  small  enough 
to  allow  a  single  grain  boundary  to  completely  span  the  test  section. 

Since  the  grain  boundary  is  weaker  than  the  grain  itself,  the  implication 
was  that  the  test  results  might  not  be '  representative  of  larger  and  more 
homogeneous  sections.  It  was  therefore  decided  to  test  three  new  types 
of  specimens: 

1.  Wider  flat  specimens  containing  only  blade  material. 

2.  Wider  flat  specimens  containing  both  blade  and  hub  material. 

3.  Original-size  flat  specimens  containing  only  blade  material. 

Results  from  these  specimens,  when  compared  to  the  previously  acquired  data, 
should  indicate: 

•  If  the  previous  data  were  representative  of  larger  sections 

•  If  there  was  any  degradation  of  properties  at  the  blade/hub  junc¬ 
tion,  where  there  may  be  an  abrupt  change  in  grain  size. 
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TABLE  III.  METALLURGICAL  TEST  RESULTS  FROM  VENDOR  A  CASTINGS 


PWA  658  Spec  _ - _ - _ 115.0  95.0  5.0  -  23  2.0 


The  width  of  the  modified  flat  specimens  was  increased  from  the  original 
dimension  of  0.200  inch  to  0.350  inch.  Figure  17  shows  the  modified 
specimen  geometry • 

Results  from  the  Vendor  C  metallurgical  tests  are  presented  in  Table  IV. 

All  of  the  0.350-inch  flat  specimens  exceeded  the  PWA  658-specif led  ultimate 
tensile  strength  of  115,000  psl.  All  but  one  of  them  (code  No.  C336)  ex¬ 
ceeded  the  specification  yield  strength  of  95,000  psi.  However,  this  one 
part  failed  outside  the  test  section,  which  precludes  any  conclusions  rel¬ 
ative  to  yield  strength  and  elongation.  Elongation  ranged  from  117.  to  3.37.; 
the  average  tensile  elongation  (87.)  exceeded  that  of  the  specification  (57.). 
Thus,  the  general  conclusion  is  that  these  wider  specimens  showed  acceptable 
tensile  properties. 

In  attempting  to  compare  the  tensile  properties  of  the  0.350-inch  specimens 
with  those  of  the  0.200-inch  specimens,  there  is  only  one  tensile  specimen 
shown  in  the  smaller  size  (code  No.  C121) .  This  specimen  exceeded  the 
specified  tensile  properties.  However,  part  No.  C122  was  a  creep-rupture 
specimen  that  ruptured  on  loading,  or  at  a  stress  less  than  85,000  psi. 

It  can  therefore  be  regarded  as  a  0.200-inch  tensile  specimen  that  failed 
to  meet  the  ultimate  tensile  properties.  Specimens  C145  and  C152  are 
0.188-inch  diameter  cylindrical  specimens  that  were  given  tensile  tests; 
both  specimens  failed  to  meet  the  tensile  specifications.  Although  these 
two  specimens  were  of  different  geometry  than  the  0.200-inch  flat  specimens, 
results  from  Vendor  A  rotors  showed  no  discernible  difference  in  tensile 
properties  between  the  two  types  of  specimens.  If  the  premise  is  accepted 
that  specimens  C145  and  C152  gave  results  typical  of  0.200-inch  flat  spec¬ 
imens,  then  these  conclusions  are  valid: 

•  Wider  flat  specimens  show  improved  tensile  properties;  therefore,  the 
results  from  the  0.200-inch  specimens  show  lower  tensile  properties 
than  actually  exist  in  the  part 

•  The  Vendor  C  rotors  have  acceptable  tensile  properties 

•  The  Vendor  A  tensile  properties  are  somewhat  better  than  those  shown 
in  Table  I, 

Creep-Rupture  Test  Results 

Creep-rupture  results  from  the  0.350-inch  flat  specimens  (Table  IV)  show  no 
increase  in  life  as  compared  to  the  original  size  specimens.  Admittedly, 
there  are  only  three  (0.350-inch)  data  points  available  for  comparison 
(C333,  C335,  C34) ,  and  one  of  these  (C333)  failed  outside  the  test  section. 
Assuming  that  the  other  two  0.350-inch  test  specimens  show  an  average 
creep-rupture  life  typical  of  the  part,  the  following  conclusions  are 
valid : 

•  The  0.200-inch  flat  specimens  and  the  0.188-inch  diameter  cylindrical 
specimens  (which  show  creep-rupture  lives  comparable  to  the  0.350-inch 
specimens)  show  the  actual  creep-rupture  life  of  the  part 
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•  The  creep-rupture  lives  of  both  the  Vendor  A  and  the  Vendor  C  castings 
are  below  PWA  658  specification. 

Experimental  Heat  Treatment  Results 


In  an  attempt  to  improve  material  properties  through  heat  treatment,  five  * 

0.188-inch  diameter  specimens  from  the  Vendor  C  rotors  were  given  five 
different  experimental  heat  treatments.  These  heat  treatments  were  designed 
to  improve  the  material  homogeneity  which  would  improve  material  properties 
if  unusual  segregation  of  the  alloying  elements  was  present.  Results  showed 
no  improvement  in  creep-rupture  life  and  it  was  concluded  that  segregation 
of  alloying  elements  was  not  responsible  for  the  foreshortened  stress- 
rupture  life. 

VENDOR  B  TEST  PROGRAM 


Vendor  B  submitted  the  standard  number  of  11-inch  diameter  rotors  and  a 
nozzle  section  in  PWA  658;  in  addition,  two  rotors  were  submitted  in  PWA 
658  that  were  close  to  the  USAAVLABS  turbine  size  in  overall  dimensions 
(approximately  8-inch  diameter).  Figures  118  through  125  show  these  parts, 
all  of  which  had  a  good  overall  appearance.  There  appeared  to  be  no  evi¬ 
dence  of  a  tip-fill  problem  nor  of  excessive  core  shift.  However,  these 
rotors  showed  somewhat  more  axially-oriented  columnar  grain  structure  in  the 
blades  than  was  observed  in  the  Vendor  A  and  Vendor  C  castings.  The  two 
small  rotors  are  shown  in  Figures  124  and  125.  Part  No.  B-5  (Figure  1.24) 
had  solid  blades,  while  part  No.  B-6  had  cored  blades. 

At  the  time  that  the  Vendor  B  test  program  was  about  to  start,  the  results 
from  the  Vendor  A  and  Vendor  C  tests  were  available.  It  was  concluded  that 
if  the  Vendor  B  castings  were  similar  to  the  previous  castings,  nothing 
would  be  accomplished  by  completing  the  originally-planned  test  program. 

Four  specimens  each  (0.188-inch  diameter  hub  specimens)  were  taken  from 
rotors  B-l  and  B-5.  One  specimen  from  each  rotor  was  given  a  tensile  test, 
and  the  remaining  six  were  given  creep-rupture  tests.  Test  results,  pre¬ 
sented  in  Table  V,  show  results  similar  to  the  previous  rotors  (i.e., 
tensile  properties  are  generally  acceptable  but  creep-rupture  life  and 
ductility  are  low).  At  this  point,  the  test  program  on  the  Vendor  B  rotors 
was  suspended. 

SUPPLEMENTAL  METALLURGICAL  DATA 


After  the  formal  completion  of  the  Fabrication  Study,  supplemental  metallur¬ 
gical  data  were  generated  from  two  sources:  (1)  additional  creep-rupture 
tests  from  rotors  previously  submitted  by  Vendors  B  and  C,  and  (2)  tensile 
and  creep-rupture  tests  of  a  newly-submitted  rotor  from  Vendor  B. 
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TABLE  1\. 

RESULTS  OK 

ILTALUmCiCAL 

TESTS  UN 

VENDOR  C  KOTURS 

Spec (men 

Local  ton 

Code 

No. 

Temp 

(  F) 

Strew 
(ha  i ) 

U1 t Imate 
Tcnai le 

St  rength 
(kai) 

Yield 

Strength 

(kai) 

Elon¬ 

gation 

(%) 

Creep- 

Rupture 

Life 

(hr) 

Prior 
Elon* 
gat  ion 

(7.) 

Pinal 

E  l  on 
gat  ion 

f  a> 

Remark! 

Star  Root 

CI21 

1400 

117.0 

1 06 . 

7.0 

- 

- 

- 

- 

(0.200  in.  wide) 

Cl  22 

1400 

83.0 

- 

* 

• 

t 

Ruptured  on 
loading 

C 1 23 

1400 

85.0 

- 

14.0 

1.10 

3,2 

• 

Cl  24 

1400 

85.0 

- 

2.7 

0.62 

2.8 

- 

Cl  26 

1400 

85,0 

' 

11.3 

1.01 

2.8 

* 

Exduccr  Koot 

cm 

KT 

■ 

121  .9 

112.1 

10.0 

- 

- 

- 

- 

(0.330  In.  wide) 

CJ33 

1400 

85.0 

- 

7.7 

1.5 

7.1 

Broke  in  radius 

C334 

1400 

- 

132.1 

110.7 

11.0 

- 

■ 

- 

' 

C335 

1400 

85.0 

- 

15.8 

3.3 

3.7 

- 

C336 

1400 

• 

129.0 

* 

* 

■ 

Broke  in  pin 
hole 

Blade  Only 

C31 

1800 

29.0 

- 

17.8 

3.9 

7.0 

• 

(0.200  in.  wide) 

C32 

1400 

05.0 

- 

4.7 

0.6 

3.4 

- 

C33 

1400 

85.0 

- 

20.6 

1.1 

3.8 

“ 

(0.330  in.  wide) 

cj4 

1400 

85.0 

- 

13.4 

2.1 

3.3 

* 

C35 

RT 

* 

122.3 

106.8 

6.7 

- 

- 

• 

- 

C36 

1400 

- 

129.8 

110. 9 

3.3 

* 

- 

- 

- 

Hub/Radial 

cut 

1400 

85.0 

- 

10.4 

0.76 

2.7 

- 

(0.188  in.  dia) 

C144 

K00 

85.0 

- 

2.3 

0.2 

0.98 

* 

CU5 

1400 

* 

107.5 

- 

- 

' 

No  elongation 

Hub/Tangentta 1 

C 151 

1400 

85.0 

• 

2.3 

0.29 

l.l 

- 

(0.188  in.  dia) 

C152 

1400 

- 

106.0 

* 

' 

- 

No  elongation 

Cl  56 

1400 

85.0 

* 

8.2 

l.b 

3.5 

- 

Hub/Rad/Tang. 

Cll 

1400 

85.0 

- 

3.1 

■ 

1.2 

Experimental 
heat  treat 

(0.188  in.  dia) 

Cl  2 

1400 

85.0 

- 

2.0 

* 

4.5 

Experimental 
heat  treat 

C13 

1400 

85.0 

3.5 

Experimental 
heat  treat 
ruptured  on 
loading 

cut 

1400 

85.0 

• 

" 

14.5 

1.9 

2.8 

Experimental 
heat  treat 

CU2 

1400 

85.0 

" 

" 

* 

2.1 

0. 14 

1.4 

Experimental 
heat  treat 

PWA  658  Spec 

- 

1400 

85.0 

- 

- 

- 

23.0 

2.0 

- 

- 

- 

1800 

29.0 

- 

- 

- 

23.0 

- 

- 

- 

1400 

" 

115.0 

95.0 

5.0 

* 

' 

' 

' 
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The  supplemental  creep-rupture  tests  used  different  test  conditions 
(1400°F/70,000  psi)  than  were  used  earlier  (1400°F/85,000  psi).  The 
new  test  conditions  were  representative  of  the  worst  operating  condition 
in  the  blade.  Results  are  shown  in  Table  VI.  Cast  bar  specimen 
properties  are  included  for  comparison. 


TABLE  VI. 

TEST  RESULTS  FROM 

1400°F/70 ,000  PSI 

CREEP-RUPTURE  TESTS 

Specimen 

Hours 

To  Rupture 

Prior  Elongation 

Remarks 

Vendor  B-l 

568 

2.90 

11-in.  dia  rotor 

Vendor  B-2 

124 

0.89 

11-in.  dia  rotor 

Vendor  B-3 

142 

3.98 

11-in.  dia  rotor 

Vendor  B-4 

158 

1.40 

8-in.  dia  rotor 

Vendor  B-5 

35 

3.78 

8-in.  dia  rotor 

Vendor  B-6 

166 

1.10 

8-in.  dia  rotor 

Vendor  B-7 

215 

1.0 

8-in.  dia  rotor 

Vendor  C-l 

91.8 

0.41 

11-in.  dia  rotor 

Vendor  0-2 

300.0 

0.70 

11-in.  dia  rotor 

Vendor  C-3 

261.0 

2.57 

11-in.  dia  rotor 

Vendor  C-4 

239.0 

0.74 

11-in.  dia  rotor 

PWA  658 

175.0* 

Exact  value  not 
established,  but 
greater  than  2% 

* 

^Minimum  life 

established  from  cast  bar  specimens. 

Although  the  average  life  of  the  8-inch  diameter  Vendor  B  rotor  (143  hours) 
was  less  than  the  cast  bar  specimen  minimum  life  of  175  hours,  the  average 
lives  of  the  11-inch  diameter  Vendor  B  and  Vendor  C  rotors  (278  and  223 
hours,  respectively)  exceeded  the  minimum  life.  Even  so,  there  were  some 
specimens  from  each  rotor  that  did  not  meet  the  minimum  life,  and  this 
variation  in  material  properties  is  considered  unsatisfactory.  In  addition, 
at  least  one  specimen  from  each  rotor  showed  unacceptable  creep  elongation 
(i.e.,  below  2%  elongation). 

The  8-inch  diameter  supplemental  rotor  casting  submitted  by  Vendor  B  was 
poured  under  different  conditions  than  the  earlier  rotors.  The  new  casting 
parameters  were  chosen  in  an  attempt  to  improve  ductility,  creep  elongation, 
and  creep-rupture  life,  all  of  which  were  low  in  the  earlier  Vendor  B  ro¬ 
tors.  Results  are  presented  in  Tables  VII  and  VIII. 
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TABLE  VII. 

RESULTS  FROM 

VENDOR  B  SUPPLEMENTAL 

ROTOR  -  TENSILE 

PROPERTIES 

Specimen  No. 

Temperature 

(°F) 

Ultimate 

Strength 

(kpsi) 

Yield 

S  trength 
(kpsi) 

Elongation 

(%) 

Area 

Reduc  tion 
(%) 

B-100 

Ambient 

123.5 

112.7 

6.0 

17.3 

B-101 

1400 

139.7 

116.3 

6.0 

8.0 

FWA  658 
Spec 

Ambient 
&  1400 

115.0 

95.0 

5.0 

“ 

TABLE 

VIII.  RESULTS  FROM  VENDOR  B  SUPPLEMENTAL  ROTOR  - 
CREEP-RUPTURE  PROPERTIES  (1400°F/85,000  psi) 

Specimen  No. 

Hours 

To  Rupture 

Prior 

E longation 

Remarks 

B-102 

14.5 

1.25 

- 

B- 103 

33.7 

2.25 

- 

B-104 

10.1 

1.10 

- 

B-105 

10.4 

1.04 

- 

B-106 

20.5 

1.48 

Broke  outside  gage  length 

PWA  658 
Spec 

23.0 

2.00  min 

“ 

Although  the  tensile  elongation  (6%)  observed  in  these  tests  was  improved 
compared  to  the  previously-submitted  parts  (2.7  to  4.0%),  the  creep-rupture 
lives  showed  no  significant  improvement. 

General  Observations  on  Metal lurgical  Program 

Based  on  the  physical  appearance  of  the  sample  castings  and  the  results 
of  the  metallurgical  tests,  we  have  formulated  the  following  observations: 

•  In  the  final  vendor  selection,  Vendors  B  and  C  are  preferred  over 
Vendor  A  on  the  basis  of  the  overall  quality  of  the  castings  deliv¬ 
ered.  Final  vendor  selection  has  been  deferred  until  Phase  II. 

•  All  castings  (i.e.,  from  Vendors  A,  B,  and  C)  showed  these  similar 
material  properties: 

1.  Generally  acceptable  tensile  properties 

2.  Unacceptable  creep-rupture  life 

3.  Generally  low  ductility 
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•  Improvements  in  the  material  properties  must  come  as  a  result  of 
changes  to  the  casting  process  or  changes  to  the  rotor  geometry. 
Geometry  modifications  are  severely  limited  by  aerodynamic  and  stress 
requirements . 

•  A  casting  development  program  will  be  required  to  produce  satisfactory 
castings  for  Phase  II  turbine  testing. 

TIP  CLOSURE 


At  the  time  that  the  two-pass  rotor  became  the  preferred  design  for  the 
USAAVLABS  turbine,  it  was  assumed  that  the  tip  could  be  closed  after  cast¬ 
ing  by  brazing  or  welding.  However,  PWA  658  is  not  considered  to  be  a 
weldable  alloy  and  there  was  some  concern  regarding  the  validity  of  the 
initial  assumption.  A  qualitative  answer  to  the  brazeability  question  was 
obtained  with  a  blade  taken  from  one  of  the  Vendor  C  rotors.  A  nickel-base 
braze  was  used  to  close  the  end  of  the  blade,  which  was  then  sectioned  to 
determine  the  depth  of  penetration.  Figure  126  shows  the  sectioned  blade. 
The  braze  depth  appears  to  be  approximately  twice  the  wall  thickness  (0.020 
inch)  at  the  tip,  or  about  0.040  inch.  This  demonstration  was  considered 
to  be  confirmation  of  the  initial  assumption  regarding  brazeability,  but 
the  specimen  was  not  tested  for  structural  integrity.  The  Phase  I  final 
configuration  of  the  USAAVLABS  rotor  would  require  such  a  brazing  procedure 
in  two  areas;  at  the  tip  and  at  the  turbine  backface.  The  latter  passage 
is  required  to  allow  for  a  core  print  to  be  used  during  casting. 

VIBRATION  TESTS 


The  vibration  test  program  was  defined  for  a  given  rotor  as  follows: 

1.  Establish  blade  geometry  through  inspection  methods  and  drawings, 
where  available 

2.  Determine  fundamental  frequency  of  all  sound  blades  on  one  rotor 

3.  Determine  the  frequency  and  nodal  patterns  of  higher  order 
resonance  modes  for: 

•  The  blade  having  the  lowest  fundamental  frequency. 

•  The  blade  having  the  highest  fundamental  frequency. 

•  The  blade  having  a  fundamental  frequency  nearest  the  mean  value. 

Vibration  tests  were  completed  for  two  rotors: 

•  11-inch-diameter  cored  rotor  (Vendor  C) 

•  8-inch-diameter  cored  rotor  (Vendor  B) 

The  experimentally  determined  natural  frequencies  are  shown  in  Tables  IX 
and  X.  No  attempt  was  made  to  analytically  predict  these  natural  frequen¬ 
cies  in  Phase  I.  This  will  be  done  in  Phase  II  to  determine  if  the  exist¬ 
ing  computer  program  can  be  used  for  hoi low-bladed  rotors. 
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The  nodal  patterns  for  the  highest,  lowest,  and  mean-frequency  blade  on 
each  rotor  are  shown  in  Figures  127  through  132.  These  data  will  contrib¬ 
ute  to  the  final  turbine  design  in  Phase  II  by  pinpointing  potentially 
dangerous  frequencies  that  should  be  avoided  in  the  primary  sources  of 
blade  excitation. 


TABLE  X.  RESULTS  OF  VIBRATION  TESTS  -  8-INCH  DIAMETER  ROTOR 
(PART  NO.  B-6) 


Blade  No. 


Star  Natural  Frequency 
(cycles /sec) 


Exducer  Natural  Frequency 
(cycles/sec) 


1 

2 

3 

4 

5 

6 


4572 

4610 

4671 

4497 

4905 

4713 


6810 

6650 

6698 

6720 

6768 

6853 


< 
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;  TABLE  X  -  Continued 

Blade  No. 

Star  Natural  Frequency 
(cycl.es/sec) 

Exducer  Natural  Frequency 
(cycles/sec) 

7 

4574 

6857 

8 

4898 

6858 

9 

4639 

6856 

10 

4529 

6856 

11 

4713 

6754 

12 

5227 

6854 
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TASK  6  -  COLD-FLOW  TESTS 


OBJECTIVES 


Testing  under  this  task  was  conducted  in  two  areas: 


1.  Water-rig  testing 

2.  Cold-flow  turbine  testing. 

Water-rig  testing  was  conducted  with  the  water  visualization  rig  that  was 
designed  under  Task  2  -  Aerodynamic  Design.  The  objective  of  these  tests 
was  to  qualitatively  assess  the  effect  of  cooling-air  exhaust  at  the  rotor 
tip. 

Cold-flow  testing  was  accomplished  with  an  existing  test  rig  at  UACL, 
shown  in  Figure  133.  The  objectives  of  the  cold-flow  tests  were  to  show: 


•  Effect  of  increased  vane  trailing-edge  thickness  (TET) 

•  Effect  of  different  numbers  of  nozzle  vanes 

•  Effect  of  different  numbers  of  rotor  blades 

The  following  hardware  from  another  program  was  available  for  test  at  the 
beginning  of  the  program: 


•  25-vaned  nozzle  section  with  thin  trailing  edges  (0.017  inch  TET)  , 
hereafter  referred  to  as  "standard  25-vaned  nozzle" 

•  14-bladed  rotor 


The  following  new  hardware  was  designed,  fabricated  and  tested  under  this 
program: 


25-vaned  nozzle  section  with  thickened  trailing  edges 
20-vaned  nozzle  section  with  thickened  trailing  edges 
15-vaned  nozzle  section  with  thickened  trailing  edges 
12-bladed  rotor 
10-bladed  rotor 


(0.050  inch  TET) 
(0.050  inch  TET) 
(0.050  inch  TET) 


The  following  paragraphs  describe  the  water-visualization  and  cold-flow 
tests,  the  results,  and  the  conclusions. 


WATER  VISUALIZATION  TESTS 


■« 


Shakedown  tests  of  the  water  rig  revealed  several  operational  problems, the 
most  troublesome  of  which  was  the  hydrogen-bubble  system.  Initial  attempts 
at  high  speed  photography  were  disappointing;  resolution  was  poor,  the  hy¬ 
drogen  bubbles  could  not  be  observed  at  all,  and  the  slit-light  output  was 
inadequate.  Eventually,  the  hydrogen-bubble  system  was  replaced  by  a 
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hypodermic  tube  which  injected  air  into  the  nozzle  channel  at  mid-span. 
This  did  not  prove  to  be  completely  satisfactory  either  because  the  rela¬ 
tively  large  bubbles  tended  to  rise  (toward  the  turbine  shroud)  as  they 
flowed  to  the  center  of  the  rotor.  As  these  bubbles  approached  the  shroud, 
they  tended  to  indicate  secondary  flow  instead  of  primary  flow.  Ultimate¬ 
ly,  the  very  small  air  bubbles  resulting  from  entrained  air  were  used  to 
trace  the  main  stream  flow,  and  dyed  water  was  used  to  trace  the  cooling 
airflow. 

Figure  134  shows  the  relative  streamline  patterns  that  were  reconstructed 
from  a  large  number  of  high-speed  movie  frames  for  three  turbine  operating 
conditions  both  with  and  without  cooling  air  ejection.  These  pictures 
show  the  effect  of  tip  ejection  of  cooling  flow  on  the  primary  flow  pat¬ 
terns.  The  streamlines  shown  here  were  formed  by  faint  background  traces 
produced  by  random  aeration  of  the  rig  rather  than  by  the  injected  bubbles. 
The  spacing  of  the  streamlines  in  Figure  134,  therefore,  does  not  indicate 
velocity;  the  streamtubes  shown  do  not  pass  equal  amounts  of  flow  per  unit 
time . 

The  three  pairs  of  sketches  show  the  rotor  tip  at  a  large  negative  inci¬ 
dence  (N  =  30  rpm) ,  at  a  near-zero  incidence  (N  =  22  rpm) ,  and  at  a  small 
positive  incidence  (N  =  19  rpm).  At  the  near-zero  incidence  case  the  pri¬ 
mary  streamline  pattern  appears  to  be  little  affected  by  the  cooling  air 
stream,  but  in  both  of  the  other  cases  where  separation  is  already  present 
due  to  tip  incidences,  the  jet  of  cooling  air  increases  the  region  of 
separation. 

As  the  blade  loading  is  increased  by  reducing  the  number  of  blades,  the 
stagnation  streamline  assumes  a  direction  of  increasingly  positive  tip 
incidence  and  eventually  moves  down  the  pressure  surface  toward  the  hub. 
This  results  in  a  region  of  flow  reversal  on  the  pressure  surface  and  a 
region  oi  separation  on  the  suction  surface.  Since  the  USAAVLABS  turbine 
rotor  has  relatively  few  rotor  blades  (12)  and  since  these  blades  are  de¬ 
signed  for  some  positive  nominal  incidence  (6.5  degrees),  it  can  be  ex¬ 
pected  to  operate  at  a  condition  of  significant  pressure  surface  flow  re¬ 
versal  (like  that  shown  for  18.9  rpm)  at  the  design  point.  Tip  ejection 
of  cooling  air  is  shown  to  increase  the  region  of  suction  surface  separa¬ 
tion  at  this  condition.  While  no  quantitative  results  are  available  from 
the  water  tests,  previous  experience  has  shown  that  increasing  the  region 
of  separation  in  a  flow  channel  is  generally  accompanied  by  an  increase  in 
losses.  The  logical  conclusions  that  must  be  drawn  are  that  the  use  of 
tip  ejection  for  the  USAAVLABS  turbine  design  will  result  in  lower  aerody¬ 
namic  performance,  and  that  the  two-pass  cooling  design  (see  Task  4  -  Heat 
Transfer  Design)  will  show  improved  overall  efficiency.  The  small  amount 
of  cooling  air  ejected  at  the  tip  in  the  two-pass  design  is  r.ot  expected 
to  alter  the  mainstream  flow  significantly. 

It  should  also  be  pointed  out  that  the  two-pass  rotor  cooling  design,  in 
addition  to  reducing  the  losses  at  the  rotor  tip,  might  improve  aerody¬ 
namic  performance  in  the  exducer.  A  performance  gain  will  result  if  the 
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injection  of  the  rotor  cooling  air  can  energize  the  suction  surface  bound¬ 
ary  layer  enough  to  delay  or  eliminate  separation  in  the  exducer.* 

There  is  one  tip  ejection  design  configuration  that  offers  the  possibility 
of  improving  aerodynamic  performance.  In  this  design,  the  cooling  air  is 
turned  nearly  180  degrees  at  the  tip  and  it  is  injected  in  the  same  direc¬ 
tion  as  the  primary  flow  (radially  inward).  Injection  of  the  cooling  air 
in  this  manner  could  energize  the  boundary  layer,  thus  reducing  the  sepa¬ 
ration  that  is  ordinarily  present.  Such  a  design  was  studied  for  this 
turbine  rotor,  but  the  stress  problems  inherent  in  this  configuration  pre¬ 
cluded  its  use. 


COLD-FLOW  TURBINE  TEST  PROGRAM 

To  accomplish  the  original  cold-flow  objectives,  the  following  hardware 
configurations  were  assembled  and  tested: 


.  Build 

1, 

standard 

Build 

2. 

standard 

Build 

3, 

standard 

Build 

A, 

25-vaned 

Build 

5, 

20-vaned 

Build 

6, 

15-vaned 

n  addition, 

an  extra 

i  Build 

7, 

15-vaned 

center  body 


25-vaned  nozzle,  14-bladed 
25-vaned  nozzle,  10-bladed 
25-vaned  nozzle,  12-bladed 
nozzle  with  thickened  TET, 
nozzle  with  thickened  TET, 
nozzle  with  thickened  TET, 


rotor 

rotor 

rotor 

14-bladed  rotor 
14-bladed  rotor 
14-bladed  rotor 


build  was  tested  with  the  following  configurations: 
nozzle  with  thickened  TET,  14-bladed  rotor  exhaust 


Results  from  Builds  1,  2,  and  3  showed  the  effect  of  reducing  the  number 
of  rotor  blades;  the  reduction  was  required  in  the  USAAVLABS  rotor  to  re¬ 
duce  stresses.  Results  from  Builds  1  and  4  showed  the  effect  of  increas¬ 
ing  the  usual  vane  trailing-edge  thickness;  this  increase  was  necessary 
for  heat  transfer  in  the  USAAVLABS  design.  Results  from  Builds  4,  5,  and 
6  showed  the  effect  of  reducing  the  number  of  nozzle  vanes;  the  reduction 
was  required  in  the  USAAVLABS  design  to  reduce  the  number  of  cooled  air¬ 
foils  and  to  achieve  a  more  favorable  TET/throat  opening  ratio.  Build  7 
was  tested  to  verify  the  applicability  of  the  preceding  six  builds  to  the 
USAAVLABS  turbine. 


*1 


*  "Phase  III  Interim  Report  No.  6,  90-degree  Inward  Flow  Radial  Turbine 
Research  Program,"  UACL  Engineering  Report  No.  458,  DRB  File  4720-10, 
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Cold-Flow  Test  Results 


Test  results  from  all  builds  are  presented  in  curve  form  in  Appendix  1, 
(Figures  146  through  207),  and  in  tabular  form  in  Appendix  II,  (Tables  XI 
through  XVII). 

Universal  performance  maps  for  Builds  1,  2,  and  3  are  presented  (in  order 
of  increasing  number  of  blades)  as  Figures  135,  136,  and  137.  However,  to 
study  the  effect  of  reduced  numbers  of  rotor  blades,  it  is  more  convenient 
to  plot  the  efficiency  at  a  nominal  "design  point"  as  a  function  of  the 
number  of  rotor  blades,  as  in  Figure  138.  This  Figure  shows  turbine  effi¬ 
ciencies  at  N/v/tT  =  22,950  and  a  pressure  ratio  (PR)  of  6.0,  which  is  the 
nominal  "design  point"  for  the  DRB  14-bladed  rotor.  On  this  basis,  the 
turbine  efficiency  decreases  as  the  number  of  rotor  blades  is  decreased. 
The  efficiency  decrement  between  10  and  12  blades  is  larger  than  that  be¬ 
tween  12  and  14  blades,  as  predicted  by  the  calculated  velocity  distribu¬ 
tions  (see  Task  2  -  Aerodynamic  Design).  However,  the  efficiency  losses 
shown  in  Figure  138  should  be  interpreted  with  the  realization  that  the  10 
and  12-bladed  rotors  were  machined  with  the  same  blade  tooling  that  was  de 
signed  for  the  14-bladed  rotor.  Thus,  the  10-  and  12-bladed  rotors  have 
been  penalized  to  some  extent  with  a  nonoptimum  blade  geometry. 

In  evaluating  the  desirability  of  a  given  number  of  rotor  blades,  the  cool 
ing  air  required  to  cool  the  part  must  also  be  considered  in  addition  to 
the  aerodynamic  performance  of  the  rotor.  Thus,  the  improved  efficiency 
of  a  high  number  of  blades  tends  to  be  offset  by  a  higher  cooling  air  re¬ 
quirement,  which  affects  the  overall  cycle  efficiency.  To  evaluate  the 
desirability  of  a  12-bladed  rotor  for  the  USAAVLABS  design,  the  following 
hypothetical  cycle  was  analyzed: 

•  Type  of  engine  -  twin-spool  turboshaft 

•  Airflow  rate  -  4.9  pounds  per  second 

•  TIT  -  2300°F 

•  Engine  pressure  ratio  -  18:1 

•  Operating  conditions  -  sea  level,  standard  day 

•  12-bladed  turbine  efficiency  -  87.5% 

The  following  assumptions  were  applied  to  the  hypothetical  cycle: 

•  Efficiency  variation  for  10-  and  14-bladed  rotors  would  be  the  same 
as  the  test  data  shown  in  Figure  138. 

•  Coolant  flowrate  -  0.0104  pound  of  air  per  second  per  blade. 
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Figure  139  compares  the  cycle  performance  on  the  basis  of  specific  fuel 
consumption  (SFC)  and  "total  power."  Total  power  was  calculated  as  the 
output  horsepower,  plus  the  estimated  power  required  for  the  auxiliaries, 
plus  the  power  required  for  disk  friction.  It  was  assumed  that  the  aux¬ 
iliary  horsepower  and  disk  friction  remained  constant,  and  that  the  shaft 
horsepower  varied  with  a  change  in  turbine  design. 

Figure  139  shows  that  the  SFC  increases  from  0.4210  pound  of  fuel  per 
horsepower-hour  for  the  14-bladed  rotor  to  0.4213  pound  of  fuel  per  horse- 
power-hour  for  the  12-bladed  rotor.  In  spite  of  a  slight  improvement 
shown  for  the  14-bladed  rotor,  we  are  still  planning  to  use  a  12-bladed 
rotor  for  the  USAAVLABS  program  for  the  following  reasons: 

•  The  results  shown  in  Figure  139  are  somewhat  pessimistic  for  the 
12-bladed  rotor;  it  has  been  penalized  with  a  nonoptimum  blade  shape. 

•  The  results  shown  in  Figure  139  are  somewhat  optimistic  for  the 
14-bladed  rotor.  This  follows  from  the  fact  that  stresses  in  the 
14-bladed  rotor  would  be  higher  than  in  the  12-bladed  rotor,  which 
already  operates  at  the  maximum  allowable  stress;  stresses  in  the 
14-bladed  rotor  could  be  reduced  by  either  operating  at  a  lower  tip 
speed  (and  lower  velocity  ratio)  or  increasing  the  blade  root  thick¬ 
ness,  either  of  which  would  result  in  lowered  performance. 

Trade-Off  Studies 


In  our  original  approach  to  the  design  of  the  USAAVLABS  turbine,  we  had 
anticipated  that  two  trade-off  studies  could  be  conducted.  The  first 
study  would  trade  off  vane  coolant  for  trailing-edge  thickness;  for  ex¬ 
ample,  a  thicker  TET  would  require  a  thinner  cooling  air  film.  The 
second  study  would  trade  off  total  vane  coolant  for  the  number  of  vanes; 
for  example,  more  vanes  would  require  more  total  coolant,  but  turbine 
performance  might  be  improved.  However,  these  studies  are  no  longer  per¬ 
tinent  to  the  design,  since  the  backplate  and  shroud  coolant  are  also 
used  to  cool  the  vanes,  and  the  total  cooling  air  flowed  through  the 
vanes  is  more  than  that  required  to  cool  the  airfoils  alone. 

Effect  of  Increased  TET 

Builds  1  and  4  used  identical  hardware  except  for  the  thickness  of  the 
nozzle  vane  trailing  edge.  Build  1  nozzles  had  a  0.017-inch  TET,  while 
the  Build  4  nozzles  had  a  0.050-inch  TET.  Although  the  USAAVLABS  tur¬ 
bine  nozzles  have  a  0.040-inch  TET,  the  significant  parameter  in  nozzle 
design  is  the  ratio  of  TET/Throat  Opening,  and  Build  4  approximates  this 
ratio  for  the  USAAVLABS  design  (0.141  cold  flow,  0.132  USAAVLABS). 
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A  comparison  of  Builds  1  and  4  at  the  DRB  turbine  design  point  (PR  =  6, 
NA/§”  =  22,950)  shows  a  total-to-total  efficiency  of  88.8%  for  Build  1  and 
88.5%  for  Build  4.  Figure  140  shows  the  measured  change  in  efficiency  as 
a  function  of  the  TET /Throat  Opening  ratio.  Between  these  two  data  points, 
the  loss  is  believed  to  be  a  linear  function  of  TET/Throat  Opening.  Al¬ 
though  those  data  are  no  longer  required  for  a  trade-off  study,  they  can 
be  used  to  assess  the  penalty  imposed  by  the  thickened  TET  of  the  USAAVLABS 
nozzle.  The  minimum  TET/Throat  Opening  ratio  shown  for  the  USAAVLABS  tur¬ 
bine  is  based  on  an  assumed  value  of  0,017  inch  for  TET,  which  is  typical 
of  a  minimum  value  for  structural  requirements.  Thus,  the  0.040  inch  TET 
required  for  heat  conduction  results  in  a  performance  penalty  of  about 
0.24  percentage  points.  However,  this  penalty  is  more  than  offset  by  the 
advantages  derived  from  high  cycle  pressure  ratio  and  high  turbine  inlet 
temperature. 

Effect  of  Vane  Reduction 


Builds  4,  5,  and  6  show  the  effect  of  reducing  the  number  of  nozzle  vanes. 

A  comparison  of  the  performance  of  these  three  configurations  is  presented 
in  Figure  141;  the  comparison  gives  the  total-to-total  efficiency  of  the 
three  configurations  as  a  function  of  reduced  speed,  H/Vf .  The  design, 
point  of  the  DRB  turbine  is  located  at  PR  =  6,  N/v/§~  =  22,950,  which  corre¬ 
sponds  to  an  isentropic  velocity  ratio  of  0.68.  At  this  point,  there  is 
only  a  small  variation  in  turbine  performance  with  the  15-,  20- ,  and  25- 
vaned  nozzle  sections.  The  15-vaned  configuration  shows  the  highest  effi¬ 
ciency,  and  the  25-vaned  configuration  shows  the  lowest;  however,  there  is 
less  than  0.2  percentage  points  difference  between  the  two  extremes. 

The  USAAVLABS  turbine  has  been  designed  for  a  pressure  ratio  of  5.165  and 
an  isentropic  velocity  ratio  of  about  0.65.  This  corresponds  approxi¬ 
mately  to  a  value  of  N /V¥  =  21,000.  Therefore,  the  test  data  shown  for  a 
pressure  ratio  of  5  and  U/CQ  =  0.65  in  Figure  141  might  be  more  representa¬ 
tive  of  the  USAAVLABS  turbine  nozzle  performance.  Under  these  conditions, 
the  20-vaned  nozzle  configuration  shows  better  performance  than  either  the 
15-  or  25-vaned  configurations.  Again,  the  total  variation  in  performance 
is  very  small,  with  only  about  0.4  percentage  points  separating  the  two 
extremes. 

Conclusion  From  Test  Results 

On  the  basis  of  these  data,  there  appears  to  be  no  aerodynamically  "opti¬ 
mum"  number  of  vanes  that  shows  a  marked  improvement  in  performance  at  de¬ 
sign  point.  The  rationale  for  selecting  the  number  of  nozzle  vanes  for 
the  USAAVLABS  turbine  might  then  be  based  on  other  considerations,  such 
as  off-design  performance,  stress  problems,  or  vibrational  requirements. 

One  of  these  considerations,  off-design  performance,  can  be  evaluated 
from  the  current  data.  Figure  142  shows  the  variation  in  turbine  perform¬ 
ance  as  a  function  of  pressure  ratio  and  speed.  Again,  the  results  show 
that  there  is  no  clear-cut  choice  for  the  best  number  of  vanes  for  off- 
design  operation. 
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In  view  of  these  test  results,  we  have  concluded  that  our  original  selec¬ 
tion  of  20  vanes  should  be  retained  for  the  USAAVLABS  design.  If  final 
stress  and  vibration  studies  show  that  the  20-vaned  design  is  acceptable 
from  their  respective  viewpoints,  then  the  design  will  probably  give 
slightly  better  performance  at  design  point.  If,  however,  a  slightly 
different  number  of  nozzle  vanes  appears  desirable  from  the  final  stress/  ' 

vibration  studies,  then  this  design  affords  the  flexibility  of  either  add¬ 
ing  or  subtracting  nozzle  vanes  while  staying  within  the  range  of  accept¬ 
able  and  known  performance. 

Build  7  Test  Results  * 

Build  7  was  an  unscheduled  test  with  the  same  hardware  as  Build  6  except 
that  a  center  body  (or  bullet)  was  added  downstream  of  the  turbine  rotor. 

The  USAAVLABS  turbine  has  been  designed  as  a  gas  generator  turbine  for  a 
hypothetical  twin-spool  engine  which  would  have  an  annular  duct  between 
the  gas  generator  turbine  and  the  power  turbine.  However,  the  previous 
cold-flow  tests  used  a  single-shaft-engine  type  turbine  configuration  that 
exhausts  directly  into  a  conical  diffuser.  Since  the  meridional  stream¬ 
lines  in  the  exducer  are  affected  by  the  downstream  duct  geometry,  a  test 
indicating  the  effect  of  the  center  body  was  considered  to  be  desirable. 

Figures  200  through  207  in  Appendix  I  compare  the  performance  of  Builds  6 
and  7,  and  Table  XVII  in  Appendix  II  presents  Build  7  test  data.  At  the 
DRB  turbine  design  point,  interpolation  of  the  test  data  shows  that  Build  7 
has  a  total-to-total  efficiency  0.3  percentage  points  higher  than  Build  6. 

This  performance  improvement  takes  place  over  the  outer  half  of  the  ex¬ 
ducer  exhaust  annulus  (Figure  143).  Apparently,  the  addition  of  a  center 
body  alters  the  radial  equilibrium  at  the  rotor  exit  in  such  a  way  that 
the  flow  near  the  exducer  tip  is  accelerated  (Figures  144  and  145).  This 
reduces  the  diffusion  on  the  exducer  suction  surface  which  results  in  re¬ 
duced  flow  separation  in  that  area. 

From  these  data,  we  have  concluded  that  the  results  of  Builds  1  through  6 

are  applicable  to  the  USAAVLABS  turbine  (even  somewhat  conservative),  since 

the  difference  in  exit  velocity  triangles  is  slight  with  and  without  the 

center  body.  The  data  also  indicate  that  for  a  given  rotor  geometry,  an 

annular  exhaust  duct  will  give  slightly  better  performance  than  a  conical 

exhaust  duct.  > 
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Figure  3.  Control  Layout  No 


Figure  4.  Control  Layout  No. 
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Figure  6.  Cooled  Turbine  Mean-Line  Design 
75-Degree  Nozzle  Angle. 
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Figure  7.  Cooled  Turbine  Mean-Line  Design 
70-Degree  Nozzle  Angle. 
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Figure  9.  Cooled  Turbine  Mean-Line  Design  - 
Cooling  Air  Mass  Effects  Included 
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,-Line  Design, 


Figure  11.  Reflex  Vane  Schematic. 
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Figure  12.  USAAVLABS  Turbine  Nozzle 
Velocity  Distribution. 
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Suction  Surface 
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Figure  13.  Cooled  Turbine  Velocity 
Distribution  on  Shroud. 
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Figure  14.  Cooled  Turbine  Velocity 

Distribution  on  Mean  Line. 
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Figure  15.  Cooled  Turbine  Velocity 
Distribution  on  Hub. 
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Figure  16.  Velocity  Distribution  On  Shroud 
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Figure  17.  Velocity  Distribution  on  Hub, 
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Figure  18.  Cooled  Turbine  Part  Load 

Efficiency  (Estimated  From 
Results  of  Previous  Tests) . 
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VANE  SECTION 
TYPICAL  FOR  15  VANES 


•  Y '  DIM  FROM  £  NORMAL  TO 
RADIAL  £  AN'1'1  THRU  A.\IS  OF  ROTATION 
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Figure  23.  Twenty-Five-Vanec!  Cold-Flow  Nozzle. 
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•  Y '  DIM  FROM  £  NORMAL  TO 
RADIAL  £  AND  THRU  AXIS  OF  ROTATION 
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DETAIL  T 


X  DIM  V  DIN  |  Y  DIM 

FOR  COLD  VANE  COORDINATES  REFER  TO 
ESK  3744  AND  FOR  HIE  PROFILE  EMD 
REFER  TO  EFD  31779.  THIS  PROFILE  IS 
TYPICAL  FOR  25  EQUALLY  SPACED  VANES 
INDEX! D  FROM  RADIAL  CENTER  LINE  AS 
SHOWN  IN  DETAIL  ' T ' 


VANE  SECTION 

TYPICAL  FOR  25  VANES 


Figure  25.  Twenty-Vaned  Nozzle  Streamline  Pattern 
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Figure  40.  Typical  Interpolated  Section. 
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Figure  41.  Tensile  Properties  of  IN  100  (PWA  658). 
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Figure  42.  Stress-Rupture  and  17. 

Creep  Properties  of 
IN  100  (PWA  658) . 
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Figure  43.  Comparison  of  WI  52  (PWA  653)  and  IN  100  (PWA  658)  Properties. 
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Figure  46.  Third-Iteration  Mechanical  Design. 
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Figure  47.  Shroud  Stress  Distribution  at  Design  Point  for  Second- 
Iteration  Mechanical  Design. 


Figure  48.  Fourth-Iteration  Mechanical  Design. 
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Figure  49. 


Redesigned  Nozzle  Vanes 


Figure  51.  Fifth-Iteration  Mechanical  Design. 
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Figure  52.  Fif th-f teration  Mechanical 
Design  -  Vane  Detail. 


Changes  from  Fifth-Iteration  Design  are  Underlined 
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Figure  53.  Sixth-Iteration  Mechanical  Design. 


Changes  from  Sixth-Iteration  Design  are  Underlined 


Figure  54.  Seventh-Iteration  Mechanical  Design. 


Changes  from  Previous  Configuration  are  Underlined 
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Figure  55.  Eighth-Iteration  Mechanical 
Design  (Phase  I-Final). 


Ill 


Figure  56.  Calculated  Stresses  in  Nozzle  Vane 
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Figure  57.  Blade  Thickness  Distribution 
for  Double-Pass  Rotor. 
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Figure  58.  Radial  Turbine  Effective  Isostress  at  67,000  rpm  . 
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Ttgure  59.  Stress  Ratio  Distribution  After 
Plastic  Redistribution. 


Figure  60.  sackpiate  Hot  and  Cold  Surface 

and  Mean  Temperature  Distribution 
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Figure  61.  Backplate  Stress  Distribution 
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l 


118 


Figure  63.  Shroud  Stress  Distribution  at  Design  Point. 
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Figure  64.  Original  Nozzle  Guide  Vane  Cooling  Scheme. 
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Figure  67.  Estimated  Temperature  Distribution  of  First- 
Iteration  Nozzle‘Heat  Transfer  Design. 
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Figure  71.  Fifth-Iteration  Nozzle  Heat  Transfer 
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Figure  72,  Sixth-Iteration  Nozzle  Heat  Transfer  Design. 
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Insert  Hole  Pattern  — — J —  0.040 


Figure  73.  Metal  Temperature  for  Sixth-Iteration 
Nozzle  Heat  Transfer  Design. 
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Figure  74.  Sixth-Iteration  Nozzle  Endwall 

Temperature  and  Stress  Distribution. 
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Figure  77.  Seventh-Iteration  Nozzle  Temperature  and 
Stress  Distribution  (Phase  I  -  Final 
Configuration). 
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Figure  78.  Original  Rotor  Cooling  Design 
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Figure  80.  First-Iteration  Rotor 
Heat  Transfer  Design. 


Figure  81,  First-Iteration  Pressure  Surface 
Temperature  Distribution. 
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3%  Cooling  Air 


Figure  82.  First-Iteration  Suction 
Surface  Temperature 
Distribution. 
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SECOND  ITERATION  SINGLE-PASS  ROTOR 
HAS  BACKWALL  COOLING 
AND  INCREASED  COOLING  AIRFLOW 


Figure  83.  Second-Iteration  Single-Pass  Rotor. 
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Figure  84.  Temperature  Distribution  of  Second-Iteration, 
Single-Pass  Rotor  (Pressure  Side). 
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Figure  85.  Temperature  Distribution  of  Second- 

Iteration,  Single-Pass  Rotor  (Suction 
Side). 
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Mainstream  Static  Pressure 
Total  Relative  Pressure 
of  Cooling  Air 


Figure  86.  First-Iteration  Double-Pass  Rotor. 


Figure  89.  Pressure  Surface  Temperature  of  a 
Double-Pass  Rotor  with  3%  Cooling 
Airflow. 


144 


Figure  90,  Suction  Surface  Temperature  Distribution  of 
the  Second-Iteration  Double-Pass  Rotor. 
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Figure  91.  Second-Iteration  Double-Pass 

Rotor  Hub  Temperature  Distribution 
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Figure  93. 


Third-Iteration,  Double-Pass  Rotor 
Pressure  Surface  Temperature  Distribution. 
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Calculated  Temperatures  in  °F 
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Figure  94.  Thira-Iteration  Double  Pass 

Rotor  Suction  Surface  Temperature 
Distribution. 
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Figure  95.  Third-Iteration  Double  Pass  Rotor  tiuD 

Temperature  Distribution  at  Design  Point 
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Figure  99.  Original  Flat  Metallurgical  Specimen 
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Figure  101.  Satec  Testing  Machine 
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Figure  103.  Casting  Deficiencies  Shown  in 
Vendor  Part  No.  A-l  (View  1). 


Figure  105.  Overall  View  of  Part  No.  A-2 
as  Received  from  Vendor. 
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Figure  106.  Part  No.  A-2  as  Received 
from  Vendor  Showing  Core 
Breakthrough. 


161 


Overall  View  of  Part  No.  A-3  as 
Received  from  Vendor. 


Figure  109.  Overall  View  of  Vendor  Part  No.  C-l. 
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Figure  111.  Overall  View  of  Part  No,  C-2  After  Etching 
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Figure  112.  Closeup  View  of  Part  No.  C-2 . 
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Figure  113.  Overall  View  of  Part  . 

No.  C-3  After  Etching. 
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Figure  117.  Modified  Flat  Metallurgical  Specimen 


Figure  118.  Overall  View  of  Part  No.  B-l 
After  Etching. 
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Figure  120.  Closeup  View  of-  Part  No.  B-l 
After  Etching  (View  2). 
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all  View  of  Pa 
ire  Etching. 


Figure  124.  Overall  View  of  Bart  No.  B-5 
After  Etching. 


Figure  125.  Overall  View  of  Part  No.  B-6 
After  Etching  . 


Figure  126.  Cross  Section  of  Rotor 
Tip  Brazed  Closed. 
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Nodal  Patterns  of  Ll-Inch  Diameter  Rote 
Blade  No.  7  (Lowest  Natural  Frequency), 


1854  cpa  l  1868  cpa  I  U  1890  cpa 
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Figure  129.  Nodal  Patterns  of  11-Inch  Diameter  Rotor 
Blade  No.  8  (Average  Natural  Frequency). 


Figure  130,  Nodal  Patterns  of  8-Inch  Diameter 
Rotor  (Blade  No.  5). 


Figure  131.  Nodal  Patterns  of  8-Inch  Diameter 
Rotor  (Blade  No.  4). 
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Figure  132.  Nodal  Patterns  of  8-Inch  Diameter 
Rotor  (Blade  No.  11). 
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Figure  134,  Relative  Flow  Patterns  With  and  Without 
Cooling  Air  Ejection  at  Rotor  Tip. 
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igure  135.  Universal  Performance  Map, 

Cold-Flow  Tests  (Build  No.  2) 
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Cold-Flow  Tests  (Build  No.  1). 


Figure  138.  Measured  Variation  of  Turbine 
Design  Point  Efficiency  With 
Number  of  Rotor  Blades. 
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TOTAL  POWER  -  hp  SPECIFIC  FULL  CONSUMPTION  -  lb/hp/hr 
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Figure  139.  Cycle  Analysis  Indicates 
14  Blades  Optimum. 
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Figure  140.  Effect  of  Increasing  Vane  TET/Throat  Opening  Ratio. 


95 


l 


I 


90 


85 


80 


75 


70 


a* 


Figure  141.  Effect  of  Nozzle  Vane 
Number  on  Efficiency. 
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TOTAL-TOTAL  EFFICIENCY,  ^t-t- 
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TOTAL-TOTAL  PRESSURE  RATIO,  P0/P# 


Figure  142.  Comparison  of  Off-Design  Performance. 


TOTAL- TOTAL 


I 


ROTOR -14  BLADES 

NOZZLE  -EFD  31781 , 15  VANES(T.ET. « .050") 


RADIUS  AT  ROTOR  EXIT  -  in. 


Figure  143.  Cold-Flow  Test,  Build  No.  7  (Total  -  Total 
Efficiency  vs  Radius  at  Rotor  Exit). 
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ROTOR-14  BLADES 

NOZZLE -EFD  31781, 15  VANES  (T.E.T.  •  .050") 


«  RADIUS*  1.4  in. 


RADIUS  *2.0  in. 


Figure  144.  Cold-Flow  Tests,  Build  No.  7  (14-Bladed 
Rotor,  Radii  1.4  and  2.0  in.). 
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ROTOR-14  BLADES 

NOZZLE -EFD  31781, 15  VANES(T.E.T.«.050") 


I 


RADIUS- 2.7  in. 


RADIUS  -3.2  in. 


Figure  145.  Cold-Flo&  Tests,  Build  No.  7 

(14-Bladed  Rotor,  Radii  2.7  and 
J.2  in.). 
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REDUCED  ENTHALPY  DROP.  -  BTU/  lb 


APPENDIX  I 
COLD -FLOW  TEST 
DATA  (CURVES) 


3  4  5  6  7  8 

TOTAL-TOTAL  PRESSURE  RATIO,  P0/P* 


Figure  146.  Build  1  -  Reduced  Enthalpy  Drop  vs 
Total -Total  Pressure  Ratio. 
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COLD  FLOW  TESTS  -  BUILD  No 


ROTOR -W  BLAOES(REF) 
NOZZLE-  N8. 25  VANES(T£.T.-  ^>17") 


TOTAL-SW1C  PRESSURE  RATIO,  FypT 

Figure  151.  Build  1  -  Total-Static  Efficiency  vs 
Total-Static  °ressure  Ratio. 


,X 


♦  ♦  « 

qp/fU9-e/H7  ctoua  AdTVHlNB  03DftQ3d 


205 


Figure  152.  Build  1  -  Reduced  Enthalpy  Drop  vs  Reduced  Speed. 


COLO  FLOW  TESTS -BULD  No  I 
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Figure  154.  Build  1  -  Rotor  Exit  Swirl  vs 
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Figure  156.  Build  2  -  Reduced  Enthalpy  Drop  vs 
Total-Static  Pressure  Ratio. 
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Figure  161.  Build  2  -  Reduced  Enthalpy  Drop  vs  Reduced  Speed 
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Build  2  -  Rotor  Exit  Swirl 
vs  Radius  . 


COLD  FLOW  TESTS -BULD  No  3 
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Drop  vs  Total-Static 
Pressure  Ratio. 
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Figure  169.  3uild  j  -  Total-Static  Efficienc 
vs  Total-Static  Pressure  Ratio. 
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Figure  172.  Build  3  -  Rotor  Exit  Swirl 
vs  Radius. 


COLD  FLOW  TESTS -BULD  No  4 
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Total-Static  Pressure  Ratio. 
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COLD  FLOW  TESTS- BUILD  No  4 

-W  BLAOES(REF) ,  NOZZLE-EFD  9783, 29MUCS(TE.T>. 

UNIVERSAL  PERFORMANCE  MAF 
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Figure  179.  Build  4  -  Reduced  Enthalpy  Drop  vs  Reduced  Spe'ed 


vs  Radius. 


04  * 

o  o 

U  'r4 
Q  4J 
CO 

>>  Cd 
O- 

<0  u 

JZ  o 
■U  co 
C  co 
W  <D 

'O 

<D 

u  u 

3  «H 
T3  -4-J 
QJ  CO 
OC  -u 

CD 

I  I 
rH 

in  CO 
■U 
T3  O 
r-H  H 

•r^ 

3  co 

«  > 


m 

co 


<u 

V4 

0 

GO 

•H 

to 


I 


•  /nil  -  ‘do MO  A<n¥HlN3  0390038 


CM 

00 


0) 

kt 

3 

GO 

•r-J 

Cn 


I 


222 


% 


o 

C  • 

a>  o 

•r<  »r-l 

O  4J 
•r4  (0 

44  05 
44 

W  QJ 

r-l  3 
CQ  (0 


w 

<D 

M 

Oh 


<0  r-4 
AJ  (Q 

O  4J 
H  O 
H 
l  I 


m  «o 

AJ 

T3  O 
•“*  H 

•4 

CQ  > 


vO 

oo 


Q) 

M 

00 

•4 


r 


224 


Figure  187.  Build  5  -  Total-Static  Efficiency 
vs  Total-Static  Pressure  Ratio. 


Total-Total  Pressure  Ratio. 
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FLOW  TESTS -BUI_D  No  6 

ROTOR- 14  BLADES 

-  EFD  31781 ,  IS  UUCS  (TE  T  -  050*)  COLD  FLOW  TESTS  -  BUILD  No  6 
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COLO  FLOW  TESTS -BUILD  No  6 

ROTOR -14  BLADES  NOZZLE -EFD  31781,0  *NES(TE.T.-.03< 

UNIVERSAL  PERFORMANCE  MAP 
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Figure  197.  Build  6  -  Reduced  Enthalpy  Drop  vs  Reduced  Speed. 
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Figure  199.  Build  6  -  Rotor  Exit  Swirl 
vs  Radius. 


Figure  201.  Build  7  -  Reduced  Enthalpy  Drop 
vs  Total-Static  Pressure  Ratio. 
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Figure  205.  Build  7  -  Total-Static 
Efficiency  vs  Total- 
Static  Pressure  Ratio. 


COLD  FLOW  TESTS- BUILD  No.7- BULLET 


igure  207.  Build  7  -  Rotor  Exit  Swirl 
vs  Radius . 
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TABLE  XIV.  TEST  OBSERVATIONS  AND  RESULTS  OF  COLD- FLOW  TESTS  -  BUILD  NO 
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